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ABSTRACT

Mitochondria were extracted from k-day-o1d pea cotyledons and
purified on a sucrose'density gradient. Microbiological assay of the -
purified mitochondrial fraction using Lactobacillui'paspi (ATCC 7469),
] Strgptooocgus faecalis (ATCC 8043) and Pediococcus cerevisiae (ATCC
8081) reQealed a dfgcggtg podl of conjugated and unconjugated
:deriQatives of tetfahy;roptérbylglutamic acid. Solubilization and
chromatographic studies bf-the mitochondrial fraction demonstrated the
presence of formylated and methylated'derivatfves, 10-formyltetrahydro-
pteroyImonoglutamic acid, 5-formyltetragydropteroyImonoglutamic acid
aﬁd 5-formyltetrahydropteroyldiglutamic acid being the major derivatives
present. The principal mitochondrial pteroylglutamates were Iabelléd
when dry seeds were imbibed in [2-'*C}pteroylglutamic acid and
[mp;hyl-l“C]-S-methyltetrahfdropteroylmonoglutamic.ac!d. The ability
of isolated mitochondria to catalyze oxidation and reduction of tetra-
hydropteroylgkutamic acid derivatives was demonstrated in feeding
experiments in which [l“C]4HCH0, [B-I“C]serlne, sodiuT [‘“C]formate.
[methyl-'“C]-S-methyltetrahydropteroylmonoglu;amic acid or [2-!%C]-
glycine served as one-carbon donors. In addjtioa, 14¢ was incorporated
info‘free amino acids related to one-carbon metabolism.

The kinetics of the Qlycine decarboxylase reaction and its
potential as a C-1 source were examined by the glycine-bicarbonate
exchange reaction. The enzyme wa;xfound to haveﬁa Km for glycine of

1.8 mM, and a Km for bicarbonate of 12.5 mM, Reduced pyridine

# : : ‘
iv ,
f \
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nucleotides were found to inhibit the exchange reéctioh»while stimula-

tion of decarboxylation occurred in the presencéAof NAD with a Ky for

NAD of 47 mM. CL
). The ability of isolated mitochondria to synthesizé methioning  « *
from **C labelled pteroylglutamate derivatives in the presence of

homocysteine was also investigated. A homocysteine-dependent _Jg
¢ £

»

methyltransferase utilizing S-methyltetrahydrOpteroylglutamic aclg;és 3
the methyl donor was shown:to be localized in thig.organelle. Some

catalytic.propertfes of this enzyme were comparedswlh those of a ° ‘.if'
” .

)

: L. L
similar enzyme present in tissue homogenates. The isolated\mutochondrna
- A -

. were also capable of synthesizing S-adenosyl-L—m&fhioﬁine from méthioniné

and ATP.  Enzymes catalyzing the conveérsion of homoserine to )

homocysteine were also detected In mitochondrial extracts.

It is concluded that H,PteGlu-derivatives play highly significant

3
metab51ic roles in the mitochondria of this sbecies,’
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LIST OF ABBREVIAT]ONS*

*% 10-HCO-H,PteGlu 'N‘O—formyltetrahydrOpteroylmonoglutamate

*%% Pte.Glu

pteroylmonoglutamate

SAM ‘ : ‘S:adenésyI:L-methlonine
ucCi : microcurie .
cpm .1 counts per minute
ATP\ : ;denosine ﬁriphosphate
TRIS < : tris(hfdroxym;thyl)aminomethane
EC » : Enzyme Commiss fon
ATCC | . :.kAmerican’Type Culture Collection
DEAE-celluiosé K : giéthf1aminoeth;}—cellulose
EDTA oo : disodium ethylenediaminetetra-acetic acid
PALP . - o _ E pyrldoxal-S'-phbsphate |
ADP R % adenosine diphosphate
t-RNA.‘ : transfer RNA - .
TES v e N-tris(hydrgxymetﬁyl)methyl-2-aminometh$ne
. o ‘sulphonic acid q
TPP . ' : thiamine pyrophosphate
~NAD(P) ' D nicotine;mide adenine dinucleotide (phosphate)‘
= @
SMM ~t s-methyl-L-methionine
DTT o : dithiothreitol
\ ”
A
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* Other abbreviations commonly utilized in the text are given in the

format acceptable for publication in the Biochemical Journal.
** The abbreviations used for pteroylglutamic acid and .its derivatives‘r .k\
are those suggested by the IUPAC-1UB-Commission as listed .in the

Biochemical Journal 102: 15 (1967). -
xx% This abbreviation is used in the figures to Hesignaﬁé pterox/ﬁ
A .

glUtématé dérivatives in general and is synonymous with the term

i

"folate' used in earlier literature.
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\INTRODUCTION

Hiotortcal
~7~\ o
from e?rly stuK{;s it s clear that a wide variety of biological
materials contain pteroylglutamate derivatives (Blakley, 1969;
Butterworth <t al., 1963; Santini et a/‘3/|§6h; twai and Nakagawa, 1958a,
‘ésgb). Following this discovery, attention was centred on techniques
for isolétion and charactérizatton éf these compounds (Bakerman, 1961;
Stlverman cf aZ..‘l96l} Sdtobgyashi et al.,196k4; IQai et al., 1959).
Technjques of prime importah;e in this area now commonly involve
column chromatoéraphy anc; differendjal microbiological assay (see
review by Blakley, 1969). In assay of plant tissues, howev;t, no
in%ormatioh was obtained concerning the concentrations of 5-CH,-
HuPteGlu but, it was~demonsfrated thét educed derivatives often
existed as glutamyl peptides. Later re detailed investigations of
higher plants (Roos et al., 1969; Sha‘ and Cossins, l970;lRoos and
Cossins, lé?l; Rohringer et al., 1969; Cossins and Shah, 1971)
fnvolving modifications of these technlq;es; together with differential
microbiological assays based on Lactobacillus casei growth résponse
7~ to
have revealed that S-methyl and conjugated derivatives are commonly
the principal components of the pferoylglutamate pool. |

Derivatives of PteGlu act as coenzymes in many metabolic reactions.

Such PteGlt) coenzymes are primarily concerned with the transfer of



. “?' & E

W/
one-carbon units at The oxidation levels of formate; formaldehyde and
V4

methanol, and in transforming these from one oxidation level to
another. The first metabolically active PteGlu derivative to be

characterized was 5-HCO-H,PteGlu (Sauberich and Baumann, 1948; Broquist

et al., 1949) Later thE€ significance and identity of 10~HCO-H,PteGlu,

-

5,10-CHz=H,PteGlu, S5-HCNH-H,PteGlu, 5,[0-CH:-HuPteGlu 3nd 5-CH;3-
H,PteGlu was also determined (Bakerman, 1961; Blakley, 1960; Sakémi and
Ukstins, 1961; Keresztesy and Donalhson, 1961; Gupta and Huennekqu,
1967 Sharadchandrg et al., 1955; Jaenicke, 1956; Kisliuk, 1957;
Blakley, 1957, 1959, 1960; Rabinowi;z and Pricer, 1956; Raven and

Jaenicke, 1953; Tabor and Rabinowitz, 1956; Tabor and Mehler, 1954).

. Sources of (-1 Units

The one-carbon unit of these metabolically active derivatives can
be oxidized or reduced through enzfme mediated reactioms as

illustrated in Scheme 1. The major biological source of this one-

-

carbon unit is believed tobe serine with formate and glycine as other

-

potential donors.

Serine hydroxymethyltransferase (Scheme 1, reaction 1), whicﬁ
catély}es the revers!ble formation of 5,10-CH,-H,PteGlu and glycine
from serine, is conéidered to be the major C-1 donor to the pteroyl-
glutamate éool. The enzyme has been reporteg from several tissues
(Alexander and Greenbutg,. 1956; Huennekens et al., 1957; Schirch and
1350n, 1961; Wang and Burris, 1965; Cossins and Sinha, l§66; De Boiso

-

and Stoppani._1967;'Martlnez-Carrion et al. ,1972; Schirch and Gross,

]

1968; Mazelis and Lul, 1967; Uyeda and Rabinowitz, 1968; Schirch and
| . L , '
Jegkins. 1964; Schirch and Diller, 1971; Clandinin and Cossins, 1972).

»




SCHEME 1

L 4

The major reactions for production

of C~1 units

~

Enzxmes

L-serine:tetrahydrofolate
5,10-hydroxymethyltransferase
S5-methyltetrahydrofolate
NADP oxidoreductase
5,lO-methenyItétrahydrofolate
S-hydrolase
5,10-methylenetetrahydrofolate
NADP oxldoreductasel
S-methyltetrahydrofoiéte:
homocysteine methyltransferase
N!%-formyltetrahydrofolate

synthetase

In plant tissues

*

\

EC Number

2,1.2.1

Reaction
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H4PTEGLU

A METHIONINE

IS

5-CH,,-H ,PTEGLY

HOMOCYSTEINE

H4PTEGLU”

AD(P) or FAD
IAD(P)H or FADH

SERINE

GLYCINE

5-10-§F5-H4PT56LU

<NNAD or NAD(P)
ADH or NAD(P)H

5-10-CH ,=H ,PTEGLU

NP

10-HCO-H ,PTEGLU
_ATP

6 .
\<H JP.'TEGLU

HCONH o .
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In several tiséues, the ATP depgndent activation qf‘formate, In‘fhe‘

presencé of H,PteGlu, to'lO-ﬂLO;ﬁuPteﬁlu has also{Been demonstrated

(Blakley, 1969). “The normal physiologiéal rale'pf formyltetrahydro-

folate synthetase (formate tetrahydrofclate ligase (ADP) EC 6.2.4.3)

whlch meduates the follownng reactlon; is thought to be the synthesns of
‘ metabollcally active one- carbon units from formate (Goldthwaut and -

Greenberg, 1955;. Greenberg et al., 1955; Whiteley et al., J958).

» NH, N
M ‘HCOOH + (-)H,PteGlu + MJATP —

®

" (-)10-HCO-H,PteGlu + MGADP + P;
~ ’
In microorganfsms sqfh as Clostridium, the activity of this enzyme is
consistent with a limited role as it cbnstitutes only ‘a small

L4

. proportion of the protein in soluble extracts (Rablnowltz and Pf\@er
1958, 1962; Nowak and Himes, 1971; Curthoys and Rabunowutz, 1971). : In
Escherichiaxcoli, Péptococcus glycinophilus and mammalian liver, glycine
is split by a reaction (Scheme Z,Qp. 11) invoiving H,PteGlu and PALP -
yieiding as Broducts co,, Nﬂg\ahd S,IO-CHZ-HtheGIu (Greenberg et al.,
1955; Kawosaki et al., 1966; Sato-e¢t al., l969a;b; Motokawa ;nd
.Kikuchi, 1969a,b; Motokawa';nd Kikuchi, I97i; Yoshida and Kichhi,
1970; Yoshida and Kikuchi, 1971; Osborne et al., 1960; Klein and
Sagers, 1966a,b, 1967a,b). TracerAstudieSklﬁvolVing [Z'i“C]glycine
feeding have indicated that a sim{lar reaction may occur i; ﬁlaﬁts
(Sinha and Cossins, 1964; Cossins and.Sinha, 1966; McConnell, 1964;
Clandinin—and Cossins, 1972) as .proposed in the glycollate pathway
(Wang and Buyrris, 1965; Miflin‘éé al., 19663 Bruin et al., 1970). The

f significance of this reaction will be discussed later.

,Otﬁer sources of one-carbon units may include formaldehyde
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(Seigel and Lafaye, 1950; Mitoma and Greenberg, 1952), the me thy |
groups of choline (Kuchoffer, 1951; Sakami, 1949; \Siekevitz and
Greenberg, 1950), acetone (Sakami, 1950), dimethyldlycine and sircosine
(Mackenzie, 1950; Mackenzie and Abels, 1956; MackenQ{e and Frisell,
1958) , and the formimino groups of formlminoglutamic‘acid (Tabor and

Wyngarden, 1959) and formiminoglycine (Rabipowitz and| Pricer, 1956).

Interconversion: of H,PteGlu Dertvatives

The enzymes referred to in this section are those utilizing
derivatives of’HthéGIu as substrates and are summérized in Scheme 1
(p. 3). 5,10-CH,-H PteGlu, formed from free formaldehyde, C-3 of
serine (Scheme I, reaction 1) or C-2‘of glycine (Scheme 2, reaction 2,
p. 11) may be subject to oxidation or reduction. In the presence
of NADP and 5,|0-nethylene-HtheGlu dehydrogenase oxidation may
occur to 5,10-CH=H PteGlu (Scheme 1, reaction 2) (Osborne and .
Huennekens, 1957; Uyeda and Rabinowitz, 1967; Wong and £ossins,,
1966; Cossins et aql., 1970). Further hyd}ation usually occurs té
10-HCO-H,PteGlu (Scheme 1, re;ction 3) with the acﬁompanying addit[on
of H20 by cyclohydrolase (Rabinowitz and Pricer, ;956;ATabor ang
Rabinowitz, 1956; Tabor and'Syngarden, 1959) . The partial purification
of S,IO-CH2;H“PteGlu dehydrogenasé from several sources has been |
_accomblished‘Snd some of its properties fnyestlgated (Ramasastri and

| Lo
Blakley, 1964; Donaldson et al., 1965; Yeh and Greenberg, 1965; péfal. -

]
and Gots, 1967; Cossins et al., 1970).
The reduction of 5,10-CH-HiPteGlu to 5-CH,-H,PteGlu (Scheme 1,

4

reaction 4) is dependent upon the presence of reduced pyridine nucleo- )

tides and 5,|0-CH2-H§PteGlb reductase. The reverse reaction can be

o
b4
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stimulated by the addition of electron acceptors such as menad ione
(Donaldson and.Keresztesy, 1962). Recently it.has been shown that
reduction of 5,10-CH2-HyPteGlu is facilitated by adding FAD in the

pggsencé“of a diaphorase and reduced pyridine nucleotide to the reduciﬁg

ya

-
-

system (Katzen and Buchanan, 1965; Cléndinin and,Cos fns, 1972).
Presumabiy FADH, synthesized in such a system is 4;;;:efentialI§

.utilize; for the reduction of 5,10-CHz-H,PteGlu. Where S,iO-CHé- |
HyPteGlu reductaée has been purified up to 100 fold it was clearly
demonstrated that FADH, is specifically reduired as the reductant and
NADH can only serve as the source of hydrogen when present with FAD and
a lipoamide dehydrogenase (Katzen and Buchanan, i965); .

The enzymic synthesis of 5- ﬂCO HyPteGlu from 5,10~ CH=HuPteGlu has
been reported by Peters and Greenberg (1957) and Greenberg (% al.

(1965). The enzyme catalyzing this reaction has been called 5-RCO--
HyPteGlu cyclodeh;drase;

Cyclodeaminase activity catalyzing the qFamination of S5-HCNH-
H,PteGlu to form 5,10-CH=H,PteGlu has been purified.from C. cylindro-
gporum and mammalian liver (Rabinowitz and Pricer, 1956; Uyeda and
Rabinowitz, 1967; Tabor and Rabinowitz, 1956; Tabor and Wyngarden,
1959) It Is not clear yet whether this activity is catalyzed by, a
separate enzyme, as Uyeda and RgpinOW|tz (1967) have sug ested that

’ally from the’

such deaminase activity could not be separated experimen

cyclohydrolase active protein present..

Involvement of RuPteGZd Derivatives in Purine, Pyr%midine, Amino Aetd
and Protein Biosynthesis

Rabinowitz and Pricer (1957) have demonstrated that HuPteGlu

y
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derivatives are involved in the biosynthesis of carbons 2 and 8 of.the
purine ring. HyPteGlu derivatives are also involved in the intro-
ductiom of one-carbon units in the synthesis of thymine, 5- o
hydroxymethylcytosine and S5-methyluridine (Whittaker and Blakley, 1961;
Flaks and Cohen, 1959; Maley, 1962).

Se;eral very critical biological roles are fulfilled by derivatives
of HuPteGlu. Recently it has been discovered that formyl methionine
plays a prlmary role in lnltlatlng the synthesns of polypeptide chains.
The formyl donor has been shown to be 10-HCO-H,PteGlu. The enzyme

responsible for the formylation of methionyl-tRNAfhet has been purified

,(Horikoshi and Doi, 1967; Dickerman et al., 1967).

5- CHg-H“PteGlu( ) is utilized in all organisms |nvest|gated as the
CH;, donor in the transmethylataon reactions which result in the
biogynthesis of methionine from homocysteine and 5-CH3-H.PteGlu

(Weissbach et di., 1963 ; Kerwar et al., 1966; Do?d and Cossins, 1970;

‘Burton and Sakami, 1969). Dodd and Cossins (1969, 1970) haQe

concluded that these dertvatlves are important as methyl donors in the
de novo synthesis of methionine during seed germination. This latter

amino acid is utilized in plant tissue as a methy l»donor after it has

been activated by ATP in the following reaction,

+ .
2, Methionine + ATP —'19-———> SA:} + pyrophosphate + Pi

(Mudd, 1960; Davies, 1966). SAM is then utilized as a source of

methy| groups for synthesis of a variety of compounds including lignin,

~pectin, chlorophyl!l and quinones (Byerrum et al., 1954; Safo et al.,

1958; Radmer ahd'Bogofad, 1967; Threlfall,vi967).

Y



Localization and Interconversion of H,PteGlu 'il)_erivatives
Iwai et al. (1967) and Okinaka and Iwai (1970) have demodstrated
that seQeral key enzymes of pteroylglutamate synthesis are localized in
fhe‘mitochondria of plants. It has been further suggested that most
pteroylglutamate precursors including dihydropterdoylglutamic acid are
synthesized in the mitochondrion and are transported to the cytoplasm
where further reduction and addition of one-carbon unitfgs thought to
occur (Okinaka ané{"lwai, 1970). In contrast to this suggestion, Wang
et al. (1967) have shown that 10-HCO-H,PteGlu Igfthe major constitdent
df the pteroylglutamdte ﬁool of rat liver hitochondfia. These authors:
have suggested, on the basis of enzyme studies, that the de no&o
synthesis of methy!l groups and |nterconVerSIon of 10-HCO- HgPteGlu and
5,10- CHz‘HuPteG]U do not occur in rat liver mitochondria. Sankar
et al.(1969) have also reported an association of uncharacterized
pteroyliglutamates with mitochondria isolated from'mouse liver. In
preliminary studies with isolated plant m|tocho%d¢ia. dernvatnves of
HuPteGlu were .detected but their synthesis and, éhysuglogical signific-

el ]

* ance was not examined (Shah et al., 1970). More,defafqzz _examination
, L

of this localization. revealed that a“considerable hﬁtabollsm of
ar
HuPteGlu derivatives occurs in isolated mitochondcla (CIandinln and

Cossins, 1972). . \ -
~ Recent work by Tolbert and co-workers (Tolbert 1962; Tolbert et
al.. 1968; Tolbert et al., 1969; Kisaki and Tolbert, 1969; Bryin et al.,
1970) has resulted in the proposal of ;qhemes for the utilization of
glyoxylate, glycollate and serine which }nvolve chloroplastic, mito-
chondrial and peroxisomal compartments wlthin the cdll; As tﬁe§e

':reactions are thought to involve at least one reaction of one-carbon



metabolism, it is clear that pteroylglutamates and enzymes, catalyzing
theirvinterconveraion could be associated to some extent with. these
cellular fractions. Earlier studies from this laboratory (Shah.and
Cossins, 1969; Shah et al., 1970; Shah and Cossins,.l9ZQi Cossins and
Shah, 1971) have substantiated the |nvoivement and Localization of

pteroyigiutamates in the one-carbon metabolism of pea chlorOpiasts

Glycine and its Relationship to H;PteGZ? Metabolisem

As previously mentioned, it has been clearly demonstrated by
several lines of evidence that the a-carbon of glycine is conyerted to
the B-carbon of serine in rat liver (Kikuchi and co-wotkers: Kawasaki
et aZ.f 1966; Sato et al., 1969a,b; Mot okawa and’Kikuchi, iS??a,b;
Motokawa and Kikuchi, 1971; Yoshida and Kikuchi, 1970; Yoshida and
Kikuchi, 1971). Similar data have been obtained for bacteria (Osborné
et al., 1960; Nash, 1953; Yan Slyke et al., 1971) and plants (Bruiniet
al., 1970; Kisaki et al., 19}1; Clandinin and Cossins, 1972; Ptather
and Sisier, 1972). Extensive.study and purification of the enzyme
system from Peptococcus glyeinophilus, which cataiyzes.the labilization
- of the glycine carboxyl group, has been accompiished by Kieln*gnd
Sagers (1966a,b, 1967a,b). These workers Rave also. made detailed
observationa on the properties of the four ptbtein subunits Py, P;,
P3, Pu) |nvo|ved in the overall reaction (Scheme 2, p il).

Kikuchi and co-workers have shown that. the most sngnificant
pathway of glycine metabolism in human (Yoshida et aZ., 1969, Tado et
al., 1969) and rat ilvers (Yoshida and Kikuchi, 1970) is ‘the direct
, cieavage of giycnne to form 5,10-CH,-H,PteGlu, C02 and ammonia followed

. by subsequent oxidation of the c-1 unit to C02 in: the mitochondria.

L]
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These authors consider the physiological catabolism of serine in rat
; Atf / 1

¥

Qne at the hydroxymethyl Ievel“S?‘oxldatlon to produce 5,10-CH,~

'
HuP eGlu and glycine followed by further oxldation to yleld €0, as the

fal product In contrast ‘Reichert et al. (1962) ‘have demonstrated

@onslderably higher activity of the glycine cleavage reactlon in avian

, .S

Tlver than in rat lnver, but very little oxndatton of the a-carbon of
/ A

lycine to CO, could be shown-. Yoshida and Kikuchi (1971) have
ylg 2 !

"demonstrated that in avian liver the oxidation of 5,10~ CH HhPteGlu

d

to CO2 is severely limlted by low activity of lO-formyl-HhPteGlu NADP+;
oxndoreductase and have fUrther suggested that’ the C I unit is drawn
off for other syntheses in this tissue such as positions 2, 5 and 8

of uric acid.

B In plant tissues, Kisaki et al. (1971) have‘reported the
j

Jocallzatnon of glycine decarboxylase in the mltochondraa of photo-
?ﬁ -
ynthetfc tissue, a flndlng quite compatible with the pathways of
\\‘ f"\ "
rb\ycollate metabollsm proposed by Tblbert and co-workers (Tolbert
N,

L

196&;, Tolbert et al., 1968, 1969, Kisaki and Tolbert, 1969; Bruin et

ald311970). TheSe latter workers have proposed that the physuologuqal "

f‘ sngnificance of glyc:ne decarboxylase in the mitochondrton of photo-

b
syn?hetic tissues is in the generation of. C0, of photorespuratIOn and'

\subsequent transhydroxymethylation to produce serlne. In direct
\\

| contrast to this p’pposal Zelatch (1972) does not believe that the

stoTchuometry of the pathway could release sufflcient coz to account

A

for dhe known rates of photorespnratnoﬁ and therefore suggests that
glycd?late is’'a more immedtaté precursor of the. COz ar15|ng |n photo-

respi%ation. Consistent with thfs, Zelltch (1972) has demonstrated
. ML T

P , ] : J e LY

plyr to proceed mainly by way of preliminary elimination of the C-3 of

]
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\\. o 5,10-CH,-H,Pte Glu
- ' o<{ N : |
HCO, H,NH, H, PteGlu

PYR | DOXAL
5'-P

PYR I DOXAL

.5'-p
L J -

"HCO,

COOH

COOH
CHNH2
CH LOH

_C02+NH3,

‘( ' . “ . SCHEME 2 .. |
. o . . |

Reactions of Glycine Cleavage |

'lnterrelatlonships and reactions of fhe four protein subunfts

(Pl, P, P3, Py) in the- glycine cleavage sequence, descrnbed by Klein and .

Sagers (I966a b; 19673 b), in Peptococcus gZycznophzZus / : B

Iy o RN
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that glyclne, in tobacco leaf tlssue,‘ielnot a mandatory preeursor ot
the large quantities of CO2 arising durinb photorespllation c |

In germinating cotyledons {a non photosyn@hetlc tissue) Clandinin
and Cossins (1972) have demonstrated that [2-’“C]glycnne is apparently
split when fed to isolated mltochondrta with subsequent incorporation

/

of radioactivity lnto'serlne and methionine as well as labelling of
formyl andAmethyl'qPrlvatives of tetrahydropteroylglutamic acid.
Slmllarly these authors have denonstrated the incorpgratlon of radio-
activity from [3-1%Clserine into glycine hy4isolated“mltthondrla%
indicating that the glycine splitting reaction in this tissue pay ‘operate
to some extent lndthe dlreoti%n of glyclne,;ynthesis.

The Present Investigation

!
Numerous aspects of the C=1 metabolism of germlnatlng stum

t

-

sattvum L. cultivar Homesteader seeds have been |nvestagated ln thlS
laboratory (e gs Cossnns and Slnha,.1965 WOng and Cossins, 1966; Dodd
and Cossins, l968 l969,‘1970 Roos et al., 1969; COSSInS ef al., 1970;
Roos and Cossins, 1971 Shah and Cossnns, 1970 Sengupta -and Cossins

- 1971). Consequently this tissue was selected for the present
investigation. ’ . i TV e
R . .% . L , \

In .order to assess the possible’ lnvolvement of mitdchondria in the
one-carbon metabollsm of plant trssues, the occurrence and '

lnterconverslon of pteroylglutamate derlvatlves In thls organelle,

v

lsolated from germlnatlng pea cotyledons, have been examined, Several

reactlons that are llkely lnvolved in the generatlon of methyl groups

for the buosynthe5|s of methlonlne were also examined in the present

studles.' As the occurrenceﬂ/ydfphyslologleal significance of glyclne -

. a S . [ . : B .. . LI o
s

o
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cleavage in Isolated mitochondria is ‘not clear, the present work has
examined some of the properties of thls glycine decarboxylase and its

bicarbonate exchange reaction, in relation to the pteroylglutamate pool.
’ . i
The reaction as a potentlal source of C-1 units has also been considered.

Some.aﬁpects’of the regulation of the compartmented biosynthesis of

5-CHy-H.PteGlu will be discussed. - The subsequent transmethylation

reactions Involved In ‘the b}oéynthé§1s of methionine and S-adenosyl-L-

o

methionine within thé‘mitochondria‘dre also examined.



"MATERIALS AND METHODS

MATERIALS

F(hcmicaln. ['“C]Formaldehyde, sodium ['“C]formate, [2-'*C]-
PteGlu acid, [methyl-'"C]-5-CH,-H,PteGlu, [2-'"C]glycine and
L:[}—J“C]—serine were purchased from Amersham-Searle Corporation,
Des Plaines, Illinois, U.S.A.. The purity of these labelled
compOuﬁds was checked by column and thin layer chromatographic’
teéﬁniques described in the ﬂethods section. Other chemicals, of
the highest quality commercially available, were purchased from
Nutritional Biochemicals Corporation, Cleveland, 8hio, U.S.A.,
Sigma Chemical Company, St. Louis, M;T, U.S.A., and Fisher
Scientific Co., Edmonton. Tetrahydrofolic acid was purchased
exclusively from Sigma Chemical Company. Scintillation grade 2,5-
diphenyloxazole (PPO) and l,Q-bie—[h-nethyl-S-phen?lo}azol-Z-yl)-

- .

benzene (dimethy! POPOP) were purchased from Nuclear-Chicago,

Des Plaines, 11linois, U.S_A.

[y

\ e

Plant material. Seeds of Piauﬁ\qativum L. cultivar

.

‘ {
Homesteader were soaked in deionized water at 25°C, After 30 min,
seeds that had begun to imbi&%*wager were discarded and the remainder

Y .,
were allowed to complete imbibition for a further period of 7 h. Fully

imbibed seeds were then selected and germinated in moist vermiculite

in darkness at 25°C for 88 h. Moist vermiculite was added‘to the flat

to approximately two inches above the level of the seed to ensure

14



J | - 15

complete coverqge of the radlcle during germlnation After germination,
4 \

jtesta were removed from the seed leaving only the

3 f;l-

the rac{léle&{; rrdo;‘ ah '"
cotqu Pwﬁ ,
chi Ilrf iﬁ a’!-pkqép’\aced on crushed ice.

» '

METHODS.

a3y ren rinsed Lith distilled water, weighed and

kN

Homogenisation and preparation of particulate fraction. All
operations were carried out at 2-4°C. Samples of cotyledons (150 g)
were homogenized by hand in a meat grinder witﬁ 300 mls of O.1 M
potassium phosphate b&?fer (pH 7 at 5°C) containing 0.5 M sucrose.
Radioactive samples were homogenized with a mortar and pestle. The
homogenate was passed through six layers of cheesecloth and subjected to
differential centrifugation as shown in Scﬁeme 3 (p. 16).

The final pellet was suspended in the extraction buffe; to a final
volume of 6.2 mls and aliquots of 1 ml were layered on each of six
discontinuous sucrose density gradients. Each density gradient
consisted of nine layers and was prepared several hours earlier at 4°C

by pipetting ip sequence: | mP of 77.2%,.0.5 ml of 67.6%, 1 ml of 64.5%,

3 m! of 61.6%, 3 ml of 58.5%,/0.5 ml 0.5 ml of 47%, 0.5 ml of

40%, and 2 ml of 26.4% (w/v)/sucrose. The gradients, contained in a

SW-40 Spinco rotor, were centrifugé& at 40,000 rev/mi 99,0009 at
Ray.) for 190 min in a Beckman Splnco Model L2-658 Ultracentrlfuge
(Beckman Instruments, lnc., Palo Alto, California, U.S.A.) and
decelerated without braking. Preliminary studies utilized a continuous
sucrose density g:adient (20% to 60%) ;entrifuged at 23,000 rpﬁ in a
S.W. 25./rotor for 4 h., Fractions were collected from the bottom of

the tube in a cold room at'2°C, as’ shown in Table 1. Subsequent



Homogenate

{
2,000 for 10 min
Pellet )
discarded

23,000g for 30 min

Supernatant Peflet
discarded .
dissolved in 25 ml of buffer
2,000g for 10 min
Pellet 1
discarded Supernatant
27,000g for 30 min
Supernatant |
discarded Pellet

made up to 6.2
ml in sucrose
phosphate buffer
Particulate Suspension
subjected to sucrose

density ultracentri-
fugation

Scheme 3

Preparation of particulate fractions

\
by differential
centrifugation
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Table 1. Protein content, volume and sucrose concentration of
AY

fractions collected from the sucrose density gradient

Volume of . Sucrose Conc. Protein

Fraction fraction (mls) (mol) % Distribution

| 1.0 2.26 7.1
2 1.5 1.91 9.3
3 | 3.0 1.79 13.5
4 3.0 1.71 32.7
5 . 1.0 1.46 22.8
6 0.5 AT 29
7* 3.0 0.68 11,6

" .

* Uppermost fraction of the gradient.
The percentage distribution of protein within the gradient is the
mean of three separate analyses, run in duplicate. Fraction 5 was

found to contain a mean of 253.9 ug of pféféln/g fresh weight of

cotyledons extracted.
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énzyme assays were performed immediately. Protein was measured by‘the
method of Lowry‘et al. (1951) usipg crystalline egg albumin as a
reference standard.

Enayme assays. SpectrOphotome;ric assays were conducted using
a Beckman DB recording spectrophotometer (Beckmannlnstruments Inc., Palo
Alto, California, U.S.A.).

Fumarase (EC 4.2.1.2) was assayed by the method of Maséey (1955),
which is based 6n the high ultraviolet absorption of fumarate, malate
by comparison having an almost negligible ultraviolet absorption. The
complete assay system contained: enzyme, 0.017 M sodium fumarate and
0.033 M potassium pAQSphate buffer (pH 7.3), in a total volume of 3 mls.
One unit of activity is defined as the amount of enzyme causi?g an
initial rate of ?hange of log (Iy/I) at 300 nm of 0.01 per min at 20°C
and pH 7.3.

Succinic dehydrogenase (EC 1.3.99.1) was assayed by the colori-
metric method of Hiatt (1961). This method follows the rate of
reduction of sodium 2,6-dichlorophenolindophenol utilizing N-methyl
phenazonfum sulphate as the final electron acceptor. The complete
assay system (final volume 3 mls) contained: 0.05 M potassium phosphate
buffer (pH 7.4),0.04 M sédium succinate, 0.01 M potaséium cyanide, 0.03
mM sodium 2,6-dichlorophenol indophenol, 0.3 mg/ml N-methyl phenozonium
sulphate and enzyme. Enzyme activity was insignificant when succinate
or N-methyl phenazonium sulphafé was omitted. |

One unit of enzyme actiVity is defined as the amount of enzyme
which will cause a decrease of 0.01 per minq;l 600 nm in log. (Io/I)
under the condltions specifled by Hiatt (1961).

Catalasg (EC 1.11.1.6) was determined by following the rate of
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. disappearance of H,0, at 240 nm. The reactjon was carried out at 25°C
fn 0.05 M potassium phosphate buffer (pH 7). The optical density of
the gubstrate solution was Initially 0.54. A change In log

(I9/I) 240 from 0.45 to 0.40 corresponded to the decomposition

of 3;55 umoles of H0y in 3 mls of solutlion.

Peroxidase (EC 1.11.1.7) acti%ity was assayed by the method of
Gregory (1966). The complete assay system contained: enzyme, 0.035 M
sodium cltrate buffer (pH 5.3), 0.02 ml of a saturated solution of.
benzidine in éthanol, 0.33 mM ascorbic acid and 0.066 M H,0, in a:total
volume of 3 mls. A sudden develépment of blue color indicated the
complete oxidation of ascorbic acid. The unit of activity is expressed
as umoies of ascorbic acid oxidized per min.

Glycollate oxidase (EC 1.1.3.1) was assayed by ihe method of
Zelitch and Ochoa (1953), which utilizes the anaerobic reductton‘of
2,6-dichlorophenol indophenol. The complete reaction system contained:
0.2 M pyrophosphate buffer (pH 8.3), 0.1 mM dich}orophenol indophenol
2 mM potassium cyanidé, 0.2 mM NH,OH, 0.07 mM FMN, 5 mM sodium
glyoxylate and enzyme, In a total volume of 3 mls. After mixing, the
sblution In the cuvette was covered with a [ayer of toluene. One
enzyme unit is defined as thé amount which causes a decrease in Ioé
(I,/I) of 0.0) per min at 620 nm. )

Serine hydroxymethyltransferase‘(EC 2.1.2.1) was assayed by the
method of Taylor and Weissbach (1965). This method is based on the
'prlnciple that since the radioactive C~1 unit}of S,IO-CHz-HubteGlu
readfly equilibrates with carrier formaldehyde, it can be trapped as

the 5,5-dimethyl-1,3-cyclohexadione adduct and measured. The complete

reaction system contalned: 0.1 umole L-[3-'*Clserine (1 uCi/umoie),
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0.1 pumole PALP, 30 pmoles potassium phosphate buffer (pH 8.3), 1.76
umoles HuPteGlu, 1 umole 2-mercaptoethanol and enzyme in a total volume
of 1 ml. Reactions were initiated by addition of substrate at 37°C and
terminated 30 ‘min later with 0.3 mls ofbl M sodium acetate (pH 4.5), 0;2
ml of 0.1 M formaldehyde and 0.3 ml of 0.4 M 5,5-dimethyl-1,3~cyclo- -
hexadione in 50% (v/v) ethanol. The HCHO-dimedon derivative was formed
Aﬁy heating for 5 min at 100°C, tﬁen extracted with 3 mls of toluene and

’ .‘l
counted.

N5,Nl°-m€thylenetetrahydrofolate dehydrogenase (EC 1.5.1.5) was
assayed by the methd of Cossins et al. (1970). The complete assay
mixture contained: 0.01 M pot;%sium phosphaté buffer (pH 7.5l. 12,5
' umoles formaldehyde, 0.8 umoles H,PteGlu, 50 pmoles Z-mercaptégthanol,
1.8 uymoles NADP and enzyme in a final volume of 3 mls. The reaction
was initiated by the addition of NADP and phe change in absorbance at
3#0'65 Qas-followed continuously.

h’o-formyltetrahydrofoléte synthetase (EC 6.3.4.3) was assayed by
the method of Hiatt (1965).. When this enzyme was to be assayed, the
extraction buffer included 10 *M glutathigne ana 10" 3M 2-mercaptoethanol
as additional constituents. ‘The?completé reaction system contained:
100 umoles‘triethanolam?ne buffer(pH~8), I?B pmoles TRiS-formate (pH 8),
2.5 umoles MgCl,, 200 umoles.KCl, 4 uﬁﬁles H,PteGlu, 2 umoles ATP and
enzyme in a.total volume -of | ml. After incqbatioh'fOr 20 min at 30°C
the.reactioﬁ was stopped by the éddi;ion of 2 mls of 0.36 N HCl. The
absorbance at 355 nm was measured and. the amount of 5,10-CHz=H,PteGlu
forﬁe& was c;lculated firom the'éxtinétion coefficient of 22x106 cﬁz
| per mole (Bgrtino, 1962). Because the‘activit§ of this enzfme was

found to be variable between extractions, its activity was further
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checked by microbiological assay of the N'®-formyl derivative formed.
In such assays, the reaction system of Hiatt (1965) was used with the

!b

following modifications; instead of treating the reaction system wit
HC1, the pH was raised to 12 by addition of 5 M KOﬂwfollowed by heating
for 2 min at 60°C to convert 10-HCO-H,PteGlu to 5-HCO-H,PteGlu and
oxidize Hy4PteGlu (emaining in the reaction system; The levels of
5~HCO-H,PteGly were then determined microbiologically u;ing P.’cerevisiae
as described below under. 'microbiological assay of pteroylglutamates'.

Electron microscopy of isolated particles. Fractions of the
sucrose density gradient were embedded in agar ana fixed at 2°C with 4%
(v/v) Ladd glutaraldehyde in 0.01 M pdtassium phosphate bﬁffer (pH 6.8)
;ohfaining 50% (w/v) sucrose. The agar segments were then post-fixed.
in unbuffered 1% (w/v) 0s0, for 30 min. The segmepts Qere dehydrated
in an acetone series and embedded in epon. During dehydrafién, the
particulate material was stained foF.S h in 70% (v/v) aqueous. acetone
containing f% (w/v) uranyl‘nitrate. Sections were prepare& on a
Reichert Om U2 ultramicrotome using a Dupont diamond knlfe. Light gold
sections were mounted on 200 mesh grids and stained with aqueous lead
citra;e'for 3 min (Reynolds, 1963). _The grids were then examfned with
a Phillips EM 200 electron microscope at 60 kV. ‘ R

' R L ] : .

{ Respiratory-control determinét{ona. beterﬁinations §f ADP/0
ratios wéfe performed with a YS!| model 53 Bfoiogical Oxygen Monitor
iYéllow Springs Instrument Co., Yellow Spriqgs, Okio, U.S.A.) witﬁ
succinate and a-ketoglutarate‘as substrates (Chance and Williams, 1955,
1956) . |

THE ratio, between a known amount of ADP (250 nmoles) added to the

reaction mixture and the amount of oxygen utilized during esterifica}jon

-
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of ADP to ATP, was calculated at 25°C from the cycle followlng the second
addition oflADP. The complete reaction mixture as described by Malhotra
and Spencer (1970) contained: 0.96_umoles mannitol, 12 pmoles MgCl,, 15
umoles potassium phosphate, 150 mmoles TES (pH 7.2), 2k pmoles substrate
and mitochondrial protein in a total volume of }.2 mls. When d-ketoglu-
tarate was the substrate 15 umoles of malonate'nd 250 nmoles TPP were
also added.

Mierobiological assay of pteroylglutamates. .Pteroyiglutamates
were assayed by the iaseptic plus ascorbate' technique of Bakerman (1961),
by using Lactgbacillus casei (ATCC 7469), Streptococcus fbeealis (ATCC
8043), and P. cerevisiae (ATCC 8081). Standard reference enrves were
constructed by using PteGlu and 5-HCO-H,PteGlu. The lactic acie pro;
duced e}ter 72 h at 37°C was titrated and used as a measure of bacterial
growth %Freed, 1966).‘ Confelation ef the titration values to standard

referenge curves, constructed with PteGlu .and 5-HCO-H4PteGlu, al lowed

¥ : .
determipation of the concentration of derivatives before and after

incubation of extracts with pea cotyledon y-glutamyl carboxypeptidase
(Roos and Cossins, 1971).

Chromatqgraphy of pteroylglutamate derivatives. Column
chronatography of pteroylgldtaﬁate derivatives was performed on DEAE-
cellulose columns (20. cm x 1.8 cm) by uslng a ;ontnnuous concentration
gradient of potasstum phosphate buffer (pH 6) |n the presence of -
ascorbate (Roos et al;, 1968' Roos and Cossins; 1971)- Pteroyl- ~
glutamate deravatlves were identified using the basic criteria of
differential growth response described earlier (Sengupta and Cossins, - |

‘P
1971; Roos and Cossins, 1971; Cossins and Shah, 1971). Generally

L. casei requires low concentrations of PteGlu or Its derivatives for

growth, whereas'S.'f&ecaZié requires a higher concentration of PteGlu,
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H,PteGlu, formyl substituted derivatives of H,PteGlu, or pteroic acid to
sustain growth. P. cerevisiae has a specific reqﬁirement for formyl
derivatives of HgPteélu and will notlgrow on methyl derivatives. The
degree of relative growth Eespbnse on different derivatives for either’
Oréanism is not equivglent and has been summarized in part b* Rohringer
et al. (1969).

Solubtlization of mitochondrial pteroylglutdmates. After
fractionation of the sucrose density gradient, mitochondrial fractions
were immediately subjécted té various solubflization treatments. Thése
included (a) sonication at full amplification with a éodel BPO Fisher
Ultrasonic Generator (Blackstbne Ultrasonics Inc., Sheffield, Pa.,‘
U.S.A.) for | min at 4°C; (b) three fold dilution with 1% (w/v)
potassium ascorbate (pH 6), and incubation with 2% ‘(w/v) sodium
deoxycholate for 30 min.at h°c; (c) three fold dilution with 1% (w/v)
pdtassipm‘ascorbate (pH 6); (d) s?nication for 1 min followed by
treatment with ZZV(Q[V) deoxycholate for 30 min at 4°C; and (e) treat-
ment with 2% (w/v) dedxychdlate wi thout dflutibn. Af;er such treat-
ments, the ffactiOn was plaged over a concentrated shcrose layer and
céﬁtrifuged iﬁ a Spinco SW 40 rotor at‘30,000 rev/min (119,000 at
Ray ) for 20 min. Pteroylglutamate content of the sedimented and
soluble Fraétions‘ from th?s step, was tggn”éé;ayed'microbEOIogically
with L. caset and P. cerevisiae. *,”';

Carbon-14 feeding experiments. One hundred seeds, selected

after the first 30 min of imbibition, were allowed to-imbibe 20 uCi of
. Imethyl-'*c]-5-CHs-H,Pte6lu acid (61 uCi/umole), or 25 uCi of [2-1%c]-
PteGlu (55.3 uCi/umole) . After uptake of the isotope the seeds were

allowed to complete imbibition in water as before and gérmlnated in
S . 1

Nt

!



petri dishes for 88 h on moist filter paper in Ufi;i;ss at 25°C.

Counting'ﬁf radioactive samples. Radioacfive samples were

_ counted in a liquid-scintillatdon;counter (NUCIeér—Chicijb«Corporation;
Unilux If model). ‘Aliquots (59-200 ul) of the radioactive solutioﬁs
were counted‘iﬁ 15 mls of flgor containing 6.5 g 2.5-diphenyloxazol
(PFO) and 0.65 g 1,4-bis[2-(h-methyl-5-phenyloxazoly!l) ]benzene B g
(dimethyl POPOP) /1 of diogane:anieole:dimethdeethane (6:I:ﬂ by V?Iume).
The counting effidiency was ZBZ as‘determined by celibration with a
[I?C]to[uengkinternal standard. All counts were eorrected for back-
groUnd (22 cpm) and were only reéanded as significant if at least
three“t}me; thie level.

. - ] . [
Radioactive samples absorbed in hyamine hydroxide were counted in

15 mls of Bray's solutlon (Bray, 1960) at similar efficiencies. ‘
Biosynthesis of pterpylglutamates 'in vztro'\ A]quOtS of

the mitochondrial‘frectibn (appfox 1 mg proteln) were lnCubated at

35 C for 20 min wuth h nmoles HtheGlu under bufgéred cond|t|ons ‘\fhe‘

specific quantities of substrates and aeenine~nucleotides added to the

react}on system in the various experimeﬁts and their controle are given

in the appropriate tables. Reduced fAD Was;generated in~8itu byr

 |ncubat|on wi th dlaphorase (llpOIC dehydrogenase, Slgma Chemical Company)

‘ eand NADH or NADPH (Figure 1) for 10 min at 35 c befor addlt]on Qf a

. J;tochondrlal protein. Dlaphorase actlvxty was routlnely”verified‘by“

Followung the oxldation of NADH at BAG\nm (Figure 2). Decreaées.in

log (Io/I)auo were shown to have absolute requirementS\for dlaphorase
-and FAD N } -

The ‘biosynthesis of pteroylglutamates was termlnated by bonlphg

S

the reactton system for 2 min after addltion of 1 ml potassium gt

:.“ _ . .o R
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FIGURE 2. Oxidation of NAbH'by diaphorase. The complete reéction mixture containéd

0.3 umts Ilpoanflde dehydrogenase, ‘24 pmoles FAD, 24 umoles NADH 4 nmoles .

. ‘H..P‘;eGIu and 40 pmoles potassium phosphate. buffer (pH 7.4%) in a total
. volume of 3 mls. The FAD dependent oxidatlon of NADH and concomi'tant
‘reduction of FAD to FADH: were momtored by following the decrease |n

optical density at 340um . - L :
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ascorbate (1.2% w/v, pH 6). Aliquots containing dpproximately 1 phg of
) )

pteroylglutamates, were then chromatographed on DEAE-cellulose.

Fraltions from the columns were assayed for '"C and the presence of
¢

pteroylglutamate dedivatives was verified by /. canel qrowth

Chromatography of labelled free amino acids
\.

formed -from l“é\labclled substrates were separated u a Beckman
Automatic Amino Acid Analyzer Nodgl 121 (Beckman Instruments Inc., Palo
Alto, Cé/}fornia, U.S.A.) equipped for stream division of the column
effluent (Clandinin and Cossins, 1972). Before such analysi§l a portion
of the reaction system was passed through a column of Dowex 50wW-Xx8

(H* form) 100-200 mesh (BioRad Laboratories, Richmond, California, U.S.
A.). The column was then washed with delonized water and the amino
acids eluted with 2 N HC1. After removal of the HCI tn vacuo on a
Buchlef flash-evaporator, the amino acids were dissolved in 0.2 M

»

citrate buffer (pH 2.2) and subjected to chromatography. Acidic and
. . ey \ . /

i

_neutral amino acids were eluted from a 54 cm bed of Beckman Spinco P_A.

28 resin using a pH 3.15 and 4.22, 0.2 N‘c‘trat& buffer system. Basic
amino acids were eluted from a 12 cm resin bedségﬁpeckman Spinco P.A.
35 using 0.38 N citrate buffer (pH 5.25). Thé r;;élnt buffers were
adjusted to thelr respective pH values 'at 23°C, and elution was carried
out at 53°C, at a flow rate of 70 mi/h. Radioactive peaks were
identified by qo-chromatography with internal standards. Radioactive
amino acid peaks were further ldentifiea by thin layer chromatography

!

on 20 x 20 cm Silica Gel GF plates (Handﬁp Scientific Co., Montreal,

. Quebec, Canada) using phenol:water (3:1 v/v) and “propanol:water (7:3

.

v/v) as solyent systems (Table 2, Plates | and,‘).

/

p
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PLATE 1. An example of the separation of amino acids achleved with

phenol :H,0 (3:1 v/v)i
The TLC plates were sprayed with 0.5% w/v ninhydrin in
acetone then warmed briefly at 90°C and subsequently éprayed
with 0.5% niékeloqs sulphate to stébllize the colored spots.
The amino acids viewed from left to right are;_

~\ ;ﬂanine, serine, glycine, histidine, methiPnine,

methyl serine, methionine sulphone, methionine

sulphoxide, homoserine and threonine.

PLATE 2. An example of the separation of amino acids achieved with
n-propanol:H,0 (7:3 v/v). '
The line of origin is marked‘and the solvent front was 20 cm
from the origin. The arrow indicates the direction of
sofvent travel.
The amino acids viewed from left to right are:
alanlne, glycine, histidine, methionte,

glutamate, serine, methionine sulphoxide,

methionine sulphone, homoserine, threonine.
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. \ Assay of glycine decarboxylase and the bicarbonate exchange
reaction. The exchange of bicarbonate with the carboxyl carbon of
[I—I“C]glycine was assayed by essentially the system of Sato et al.
(1969) with the following modifications. Reactions were carried out
aerobically, (20% 0,) excep{ in experiments where the effects of 0,
tension were tested. fhe reaction components, in stobpered Warburg
manometric flasks, were incubated at 37°C for 30 min. ‘The complete
reaction sy;tem (2 mls) consisted of: 10 umoles [1-'*Clglycine (0.05
uCi/umole), 1.5 pmoles PALP, 10 umolés dithiothreitol, 100 umoles
Tris-HCI buffer (pH 7.8), 60 umoles sodium bicarbonate, 1 mmole sucrose
and aliquots of mitochondrial fraction. )

The reaction was stopped and the '“C0, liberated from the solution
by addition of 0.3 mls of 4N H,S0, tipped from the side arm of the
flask. The CO, liberated was absorbed by 0.4 mls of 50% (v/v in
pethanol) hyamine hydfoxide previously placed in the center well of the
flask. (€0, was absorbed for 45 min while the flask was agitated at §9°C
in a shakef bath. The contents of the center well were then counted
in 15 mls of Bray's solution.

Glycine decarboxylase assay was carried out under the same
conditions, excépt that 1.25 umoles of NADY and 2 nmoles of H,PteGlu
were added while bicarbonate was omitted. ‘

Variations gf these two reaction systems and their controls are
specificially described in their respective»tablgs and figures..

Extraction of S-CH3;H;PteGZu methyltransferase catalyaing the
biosynthesis of methionine. The mitochondrial fraction purified as
previously described was subjected to ammonium sulphate;%raétionation

as described by Dodd and Cossins (1970). the mitochondrial fraction,
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contained in a volume of 10'mls, was raised to 20% of saturation by
addition of solid (NH,),S50, at 4°C. After continuous stirring for 30}

min, the precipitated protein was removed by centrifugation (10,0009
. Y k

for lb min). The supernatant was then }aﬁsed to 60% of saturation and‘
stirred for 30 min before removal of the precipitated brotein. This
20-60% protein fraction was dissolved in 10 mls of 0.05 M potassium
phosppate buffer (pH 6.9) containing 5 mM 2-mérc$ptoethanol.and passed
ﬁhfough a column of Sephadex.G—ZS (1 x5 cm). Tﬁe resulting solution
was used for assays of nethylt?énsferase activity.

Assay of methyltransferase activity. The reaction systems
used to assay ﬁhe homocys teine-dependent methyltr?nsferases have been
previously described (Dodd and Cossins, 1970). fhe standard reaction
mixture in a total volume of O.S,ml, containedg enzymeIfraction (1 mg
protein), | umole L-homocysteine, 1.6 muéole [ﬁethyl—l"C]—S-CH3-H“PteGlu
(2.0 x 10° dpm) or SAM-[methyl-'*C] (1.82 x IO.5 dpm) and 50 umol es
potassium phosphate buffer (pH 6.9). After incubation at 305C‘fo} 60
. min, the reaction was te}minated by fapid co&ling'in an'ibe b;th. An
aliquot (0.1 ml) of the chilled reaction mixture was pl;ced on a column
 (§.5 x 2.5 cm) of Dowex AGI-X10 (CI"form)'resin when 5-CH3-H4PteGlu
Q;s the.methyl donor. or whenfﬁabelreé;SAM was the methyl donor the
aliquot was‘applied to a ;f;ilér §o|;mn containing Dowex_ﬁOW-XS resin in
Lﬁf form (Abramson and Shapiro,¢i865). The [methyl-!"Clmethionine
syﬁthesized was eluted with five washipgs,'each of 0.2 ml distilled
water, and collected diregtly in a scintillation vial for counting.

One unit of eiiyme act}vity is defined»asvthe:amount of enzyme

producing | umole of methionine in 1 min at 30°C under the reaction

conditions described.
. . . - ‘d
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Assay of homoserine transacetylase or homoserine trans-
succinylase. The principle of this assay metﬁbd is based upon the
method of Nagal and Kerr (1971), and the fact‘that O-acetylhomoserine
(or 0-succinylhomoserine) formed in: the following reaction is converted
by mild alkaline treatment to N-acetylhomoserine. N-acetylhomoseripné
can then be readily separated since it is not retained by Dowex 50W-X8
in W form. , .

3: L-homoserine + S-acetyl-CoA 7 O-acetyl-L-homoserine + CoA

L. L-homdserine + S-succinyl-CoA ~ 0-succiny|—L%homoserine>+ CoA

The complete assay system in a total volume of 0.5 mls contained:‘
50 umoles potassium phosphate buffer (pH 7.5), 0.5 umole S-acetyl-CoA
(or S-sdccinyl-CoA), 50 nmoles [u-1*C]-L-homoserine (1 uCi/umole) and
3 to 4 mg protein of the mitochondrial fraction. The reaction mixtures
were incubated at 37°C for 30 miﬁ then stopped by addi&g 50 ul of 1.5 M

trichloroacetic acid. The precipitate was removed by Centrifugatibn

N

and 250 pl of the supérnatant was transferred to another tube containing
100 w1 of 1 M KOH. The mixture was then placed in a boiling water bath
_for 1 min, then cooled and 150 pl were ﬁransferred»to a column of Dowex "
50wW-x8, H+hform, (0.5 x 5 cm). The column was washed with five 0.5 ml
aliquots‘of distilled water directly into a scintillation wvial for
direct cbqnting of the N-acetylhomoserine eluted.

" Synthesis of SAM. The in vitro synthesis of SAM by the same
, mitocho5drial extracgs was conducted in a reaction system of-2 mls
'COntaining:'B umoles [methylfl“C]-L-methionineA(0.125 uCi/umole), 10
umoles.ATP, S pmoles 2—mercaptoethanol./§b umoles MgCIz,.lOO.umoIés
potassium phosphate buffer (pHab.Q), and 2 ﬁé protein prepared as

described. 'The‘reaction mixtures were incubated for 60 min at 30°c,
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chilled, and the labelled SAM synthesized was separated by the column
chrohatOgraphic.hethod of Shapiro and Ehnlngér (1966). The method was
modified to iﬁclude the use of HC1 instead of HyS0, as the eluting acid,
thus enabling the removal of acid in vacuo permitting liquid scintilla-
tion counting of the aqueous samples withéut‘the.substantial quenching
problems\of acidic extracts.

Synthesis of SMM. The in vitro synthesis of SMM by the same
Eitochondrial extracts utilized for other transmethylase studjes, was
attempted in a reaction system of | ml containing: mitochondrial
extract (2 mg ﬁrotein), 8 umoles L-methionine, 0.05 umole SAM~ [methyl-
™C] (52 uCi/umole), 5 umoles 2-mercaptoethanol and 100 umoles
potassium phosphate buffer (pH 6.9). The reaction mixtures were
incubated for 1.5 h at 30°C. Reaction products were identified by TLC
and autoradiography using a solvent system of n—butanol:acetic acid:Hz20
(12:3:3) and silica gel G TLC plates (Dodd, 1969).

Preparation of B-cystathionase and cystationine—y-synthasé.
The mitochondrial fraction isolated as Rreviously'descrjbed was diluted
two fold with 10 mM potassium phosphateibuffer.(pH 7.3), sonicated for
45 sec and then centrifuged at 14,000g fﬁr ko min.l The 14,000g super-
natant Was raised to 45% of saturation with solid (NH4)250, and then
stirred for 30 ﬁin. The resulting precipitate was‘collected‘by centri-
fugafion'(l0,000g,for 15 min)/and dissolved o 4 mls totgl volume in
10 mM pdtassium phosphate buffer (pH 7.3). This solution termed the
O;QSZ fractlon‘was passeéd through a column 6ﬁf§ephad§x G-25 (1 x 5 cm)

and uéed directly in assays of R-cystathionase and cystathionine-y-

synthase. o r\Q
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Assay of B-cystathionase.
5. L—cystathﬁonfne + H20 + L-homocysteine + pyruvic acid + NH;
The enzyme activity was determined by a reaction sequence described
by Guggenheim (1971) and similar to the system utilized for assays of
cystathionine-y-synthase. The production of pyruvate by B-cystathionasg
was coupled té an excess of lactic dehydrogenase in ﬁgi presence of
NADH. Measurements of‘homocysgeine production with 5,5'—dithio-bis-(2-
nitrobenzoic acid) were not found to yield satisfactory reaction rates
and consequently the following assay system was utilized. The complete
reaction mixture in a final volume of 1'ml containéd: 50 umoles
potassium pyrophosphate buffer (pH 8.2), 0.1 umole pyridokal-S'}
phosphate, 4 pumoles L-cystathionine and enzyme fraction (400 ugm of
protein). Céntrol reaction systgms contained no L-cystathionine. The
reaction tubes were incubated at 37°C for 10 min then the reactidn was
terminated by addition of 50 ul‘of 1.5 M trichloroacetic acid. 'After
centrifugation, aliqubts of the reaction'syste65 were assayed for
pyruvate using lactic dehydrogenase utflizing the same system desé}ibed
for c?stathionine-YQSynthase.
| Assay of cyéfathionine—v-synthase. The aﬁsay procedure’ used
was similarto that deséribed by kaplan and Guggenheim‘(197l) for i
. reaction 7 (see below), known to be catalyzed by cystathionine-y-
synthase of 5. typhimurium.. ' N -8

6. 0-Succinyl-L-homoserine + L-cysteine + L-cystatﬁ}onine +

‘ ’ ‘ e Lo .
“ ‘ succinic acid

7. 0-Succinyl-L-homoserine + H,0 -+ a-ketobutyrate + NH,

succinic adid

‘The a-ketobutyrate formed in reaction 7 was measured with NADH and an
. sres . 5 ) .
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excess of beef heart lactic dehydrogenase. A»two stép ass;y procedure
was utilized becéuéé.of the Instability of NADH in the extracts.
Preliminary trials using inhibitors such as; rotenone, amytal or
antimycin A up ta toncentrations of 1 mM, known to inhibit NADH oxidase
activity during el ct;on transport, were not found to gtabilize NADH
in the presence of the extracts Qﬁed‘lﬁ this study.

The‘first step of‘this assay procedure utilized a réaction mixture
(0.5 m[) containing: 50 umolesi§itassium pyrophosphate buffer (pH 8.2);
0.1 uymole pyridokaT-S'-phosphate, 2.5 pmoles 0-suceinyl—bLbhomoserine
“and 2 mg enzyme protein. Con?rol mixtures contained no O-succinyl-

-

homoserine..

b
-«

'Tﬂlpreaction mi xtures were Incubated at 37°C for IO.min then
sfopp;d by adding 50 pl of 1.5 M érichloroacetic acid. Aftér centri-
- fugation aliquots of the supernatant solution were added to Cuvettes
containing, in a final volume of | ml: 100 umoles potassium phosphate,
(pH 7.3), and 0.15 umole NADH. After ascerfaining that the pH was
above neutrality,.the E3uo was measured and a large excess of cystalline
iactic dehydrogenase (20 ugm) was added; After the E3,¢ had ceased to
decline the optlcal'density was recorded. The amount of a-ketobutyrate
in the aliquot was calculated from the difference between the two

N e L S
readings using q'hqfér absorbance of 6200.
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RESULTS . )

Fractionation of‘OrganeZZee
After isopycnic non-1inear density gradient centrifugation of the
particulate fractlon, separate bands were detected, which on the basis
‘>0f their enzyme complements, included mi tochondria, in fractlon 5, and
peroxisome-like bodies in fractlons 3 and 4 (Table 3). Fractlon 5 was
characternzed as containing mainly intact mitochondria by the presence
/
of comparatively high levels of fumarase and succinic dehydrogenase
. {61.7% and 61.5% respectively, of the total enzyme activnty present in
the crude part|culate fraction). Fraction 5 also contained low levels
" of peroxidase and glycollate oxidase (9 5% and 22. 8%_ respectively).
Electron microscopy revealed that fraction 5 contained Intact
mitochondria with some contamination by mitochondrlai fragments. No

microbodies couid be detected When ADP/0 ratios were determined with

N

succinate and q- ketoglutarate as substrates, the mitochondrial. fraction

was found to have resplratory control values of 2.5 and h respectively,
lndlcatlng that some degree of |ntegr|ty exlsted in the organelles of
this fractlon it shouid be noted that the levels ofv1norgan|c phos-
., phate present in the |solating medium would have substantial effects on

&
i the ADP/0 ratlos obtained ilkeiy |nhib|t|ng maximal respiratory

activity and consequently optimum ADP/0 ratios. v

t

) : ) L “\‘ o ' :
. o Localization of’pterong}utamate derivatives and related enzymes

Correiation was found between the distrlbutlons of serine hydroxy-
methyitransferase and other enzymes characteristnc of mitochondrla' |
(Tabie 3). Although the former enzyme and 10-HCO-H,PteGly synthetase

37
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"‘organelle.

T \ 39
é%’§ v ‘
were associated with thelmitochonﬂrial‘fraction 5, IO CH2 H,PteGlu
dehydrogenase was not detected by the spectrophotometric method The

presence of the latter enzyme could not,be‘entinely ruled out howayer,

" as substantial mitochondrial NADH oxidase was ‘present in fraction 5.

The activity of 10-HCO- HuPteGlu synthetase although apparently
restrlcted to the mitochondrial fraction, may be to some extent also -

preSent in other particulate fract10ns as djfficultyrwas.also.encounter-:

ed in”assay of this enzyme by the spectrophotoMetric method.

Preliminary microbiological assays of total pteroylglutamates

.

" illustrated that relatively high levels occurred in the 27,000g pellets

obtained from h-day-ofd cotyledons. Further examnnat:on of these by
sucrose density grad:ent centrifugation (Table &) revealed that ,63% of
the L. casei growth response and 54% of that given by P, cereuzszqe was
associated with the mitochondrial.fraCtion The dufference in total

levels given by these two organnsms indlcates that methyl and formyl
‘p e

dengvatlves of HyPteGlu with possnbly dnfferent degrees of, cdpJugation .

were present |n this fractlon The presence of pteroylglutamates ln‘

8,

Sucrose gradnent’%ﬁggests that these

$.

the denser fractlons of the

R ecompounds may also be assoclated with mitochondgsgg.fragments. ‘»z

The total pteroylglutarnate l‘,év_els of the_mitochcﬁial fractionas«

''measured by L. casei without pre-treatment of the extracts with’

( .

i s : %
conJugaSe amounted to approx:mately 7 to 10% of the total pteroyl- o,

.glutamate content of b= day-old cotyledons (Table 5). Repeated washlng

°

- of ‘the mntochondr:al fractnon reduced thls fugure by as{ywch as 502

\

undlcatlng that these derlvatives are readcly~leached out of this’

) h Y

2



Lo

TABLE b, Difteibution of pteroylaglutamate levels in fractions of the
[ 4

aucerone denafty gradient

’ L. casel P, eercofalac
Fraction Distribution Distribution
number ng &3] ng (%)

! . 0.806 2.33 | 0.493 \N2.79

2 0.940 2.72 0.806 L.57

3 _ 0.672 1.94 1.075 6.10

Y 2.149 6.22 1.746 9.91

5 21.940 63.47 9.433 53.52

6 L 702 13.60 3.134 17.78

7 3.358 9.72 - 0.940 5.33
Total i 34,567 100 17.627 100

Pterqylglutamate levels are expressed in ng PteGlu for L. caset

»

énd ng 5-HCO-H.PteGlu for F.‘ccrcvisiac/g fresh weight of cotyledons
Qx.}ected.

* Incubation of fraction 5 with pea cotyledon y-glutamyl carboxy-
peptidase resulted in an iﬁereaseﬂln the growth resbonse of L. caser

and F'. cereviaiae of 51 and 47 percent, respectively.

- 14

e
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TABLE §. Levels of pteroylglutamates in the mitochondrial and

supernatat. fractiona of pea cotyledogn

Pteroylglutamates* ng/q fresh welght

Before conjugase After conjugase
Mitochondrial fraction 21.9 30.6
Supernatant fraction 220 458

£ ~
*Pteroylgliutamate content was assayed with [. casefl and Is expressed as

ng equivalents of PteGlu,

Release of pteroylglutamates® from mitochondria by solubiliaation

treatments ;

» .

Solubilization treatments, summarized in Table 6, confirmed that
the mitochondrial fractlon contained a pool of pteroylglutamates that
are bound more tightly than can be explained solely by adsorption or
diffusion of these compounds during extraction of the mitochondria.
Eighty-five percent of the total pteroylglutamates, as measured by
L. caset, was retained by the mitochondrial debris after treatment by
osmotic shock suggesting that the derlvatives were In large part
ﬁembrane-bound. This contention was supported by the observation that
after sonjcation, 15% bf the total pteroyiglutamate content was .
retained by the mitochondrial debris but this figure was reduced after
treatment with déoxycholate. With one exception, analogous results
were obtalned wjth P. cerevigiage after these treatments. In most
treatments, rclease of pteroylglutamates to the supernatant was higher
when the levels werekdetermlngd with P. cerevisiae, Indicating that

< :
formylated derivatives may be less tightly bound than methylated and/or



TABLE 6. Solubilisation of pteroylglutamate derivatives from tsolated
mt tochondria
P. cereviaiae
Particulate Supernatant Particulate Supernatant
fraction fraction fraction fraction
Treatment, _ LS B¢ b4 Z
- "‘y‘ )
Osmotic shock 84 16 21 79
"6;%otic shock and
2% deoxycholate <1 99 <1 99
Sonication 15 85 2.6 97.4
Sonication and
2% deoxycholate <l 99 <1 99
2% deoxycholate ] 99 3.2 96.8



conjugated derivatives.

’

Chromatography of mitochondrial ptcroylglutamatcéﬁ

Figures 3A and 3B are typical elution patterns of the derivatives
present in the mitochondrial fraction. The first major peaks (Figure
3B, p;aks a, ¢, and @) gave growth promoting properties typical of
formyl derivatives and occupied positions in the elution sequence
corresponding to authentic 10-HCO-HPteGlu, 5-HCO-HuPteGlu and 5-HCO-
H,PteGlu, respectively (Roos and Cossins, 197|)1 The large L. casert
peak (Figure 3B, peak d) coincidgd with authentic 5-CH3-H.PteGlu. A
small shoulder at fractions 76-78 (Figure 3B) may‘represent H“PteGlu.
Other derivatives present co-chromatographed wits standard derivatives
(Roos_and Cossins, 1971) and were: Peak b, IOvHCO-HQPteGIQ, and peak f,

CH3-H4PteGlu,. In addition, peaks g to j, identified in earlier work

(Roos and Cossins, i97l) as conjugated derivatives were also present.

Roos and Cossins (1971) have suggested that PtéGlu may be an
intermediate in tpe s;nthesis of more highly reduced compounds such as

j

5-CH3-H4PteGlu in pea cotyledons.. In order to examine this possibility
and to determine whether the mitochondrial pool of pteroylglutamates
would be derived from such a precursor, [2-!*C]PteGlu and [methy1-1“C]-
5-CH3-H.PteGlu were suppfled during imbibition. Labelled derivatives
were detecte& in the‘mitochondrialApool after such feeding (Figure 4),
[Methyl-""C]-5-CH;-H,PteGlu labelled 10-HCO-H,PteGlu, 5-HCO-H,PteGlu
and 5-CH3-H,PteGlu more readily than in similar experiments which

involved [2-'*C]PteGlu. Labelled PteGlu was incorporated into most of

the mitochondrial pteﬁoylglutamates but the specific activity of these

- .

- ] .
was too low to permit clear resolution of individual derivatives. This
. 4 S i

‘
L&
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FQJRE 3. Chromatography of pteroylglutemate derivatives from isolated mitochondria.
After DEAE-cellulose chromatography the fractions were asseyed for pteroyiglutamates using

L. casef (A) and P. cerevisiae (B). The derivatives shown are:

a, 10-HCO-H.PteGlu; b, 10-HCO-H.PteGlus; .
e, S-HCO-H,PteGlu; d, 5-CHy-H.PteGlu; e, §-HCO-H\PteGlys; -

[, g, h, i, j, unidentified conjugated derivatives.
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L6 .

findiﬁg might be related to the dramatic synthesis of pteroylglutamates
which occurs in this tissue (Roos and Cossins, 1971), thus diluting the
specific activity of the substrate incorporated.

The presence of pteroylglutamate derivatives and the occurrence of
r;lated enzymes in pea mitochondrialsuggests that these derivatives are
interconvertible and may have metabolic significance in the synthesis
and metabolism of related free amino acids, which could also be

detected in the isolated mitochondria (Table 7). The presence of
Q

.serine hydroxymethyltransferase and 10-HCO~H,PteGlu syhthetase suggests

that one-carbon units ‘can enter the mi tochondrial pteroylglutamate pool
at the formyl and hydroxymethy! levels of oxidation. A number of
experiments were therefore designed to examine ability of isolated-

pea mitochondria to generate, interconvert and transfer one-carbop units

via the pteroylglutamate pool.

.

.

Biosynthesis of pteroylglutamates i

In a preliminary experiment utilizing [methylene-l“C]-S.IO-CH}-
HuPteGlu as the substrate, it was found that the mitochondrial fraction
could oxidize and reduce this derivative. Such intercqnveréion suggests
the presence of §,10-CH,-H,PteGlu:NADP dehydrogenase and 5,10-CH,-
HtheGlu reductase, respectively Substantial levels of label was alsé
incorporated into other compounds not exchanging with DEAE-celIulosg.
Consequently further experiments were designed to invéstigate these
labelling patterns more éxténsivély using different C-I donors.

When the mitochondrial fraction was |ncubated with [methylene-‘“cl-

5,10~ CHz-HgPteGlu, radnoactuvnty was incorporated into 10- HCO,HgPteGlu

.

and 5-CH;-H,PteGlu (Table 8). I'n the presence of NADP or NAD the

»
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TABLE 7. Principal free amino acids of pea mitochondria

Amino acid

Lysine
Histidine
Aspartic
Thréonlne
Serine
Glutamic
Proline
Glycine
Alaning
1/2 Cysteine
Valine
Methionine
Isb]eucine
Leucine

Tyrosine

Phenylalanine

nmoles

16.8
16.1

97.5

~112.0

20.5
14.8
28.9

28.6
3.62
.23

.57
.63

o w o\

. 0.0h4

~ The mitochondria were boiled in 80% (v/v) ethanol for 1 min and

denatured protein was removed by centrifugation. The data are mean

values of three separate analyses and are expressed as nmoles/g fresh

welght of tissue.

[
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. b9
labelled substrate was readily oxidized to 10-HCO-H,PteGlu and sméller
amounts of labelled S—CHg—HuPteblu were formed. Subst}tution#of NADPH
for\NADP inc}eased utilization of the substrate. The presence of
FADHZ did not decrease the amount of sybstrate oxidized to 10~HCO-

H, PteGlu but there was a marked increase in the labelling of the
methyl derivative suggesting that §,10-CH,-H,PteGlu reductase occurred
in the mitochondrial f(action; When homochtelhe was added,
substantially less '*C was recovered in 5-CH3-H,PteGlu. In addftion
to these pteroylglutamates, serine, methionine, histidine and an
unidentified compound were synthesized (Table 8). Reducing conditions
fa;ored the production of histidine and substantial synthesis of the
unidentified compound. The non-enzymic synthesis of this latter
compound was ruled out as no.label could be detected in identical
Mftrol reaction systems where the mitochondrial fraction was omit ted.
When homocysteine was added, methionine synthesis was stimulated
whereas the levels of I“Q incorposated into histidine were significantly
decreased. ' | '

* .®

. The ability of the isolated'mitochoﬁdria to oxidize and reduce’
one- carbon units was further {hveStlgated by feeding [3-1“C]serine .
(Table 9). Results similar to the previous experiment were obtained
with three exceptions. 'Firstly, when serine was the substrate the
effects of addjing FADH2 and FADHz plus homocystelne,.resbectlvely, were
dufferent and NADPH was more effective in the synthesis of labelled
5-CH3;-H,PteGlu. Secondly, the levels of 14¢ in methioqine were much
lower than in tﬁe'previous experiment énd‘was possibly contingent upon

the lack of effect of FADH;. An interesting observation arising from

this experiment was thé synthesis of glycine. :Thirdly,‘the levels of
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1%¢ incorporated info 10-HCO-H,PteGlu were substantially higher than

the levels of radioactivity in 5-CH3-H4PteGlu (Table 9) or the levels

of radioactivity in 10-HCO-H,PteGlu, when [metl@flene-'"C]-5,10-CHz-

HyPteGlu.was the_immediate substrate (Table 8). This result is interest-

ing as the incorporation of 1% from [3-1“Clserine into derivatives of

the pteroylglutamate pool must be limited initially by the actlvity of

serlne'hydroxymethyluransferase. As [methylene-‘"t] -5,10-CH,-HyPteGlu

is a product of t@jﬁ reaction one might expect ['*C]HCHO to be a better

precursor of these pterbylglutamates, especially when the iPeCific
P, ‘

activities of formaldehyde and serine are considered. These results

might imply some structural organization which could effect carbon
flow from C-1 donors, such as serine, gIYclne and formaldehyde, into

the mitochondrial pteroylglutamate pooi at the hydroxymethyl level of

|
oxidation.

" When the incorporation of ['*C]formate Into H,PteGlu derivatives

and free amino acids was determined (Table fO) it was clear that in

the presence of NADP all the rad|oact|V|ty was apparently trapped in

10-HCO-H,PteGlu. However, when conditlons favored reduction,

accumulation of 10- HCO*HuPteGIu was no:&6b§€rved and some Iabelllng of

5= CHg“HuPteG]U, methionine and serlne occurred. In snmllar e«perlments

employrng [methyl-I“C]-S-CHa-HBPteGIu as substrate, ihcorpdration of
LN ' ) .
radioactivity into serlne and methionine was'also observed (Table ll).

Mitochondria tncubated with [2-1“Clglycine (Table 12) Incorpor-

ated label lnto 10- HCO H,PteGlu and 5 CHg-H“PteGlu In addition, some

L4

, abnllty to methylate homocysteine was observed in this expe;iment.
The labelling of pteroylglutamate derivatiVes in thlS expernment

suggests-that the-mlgpchondrla have some ablltty to cleave glycine

[ Fy
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molecules.  This abllity was examined In further experiments.

Favtial characterisation of glyeine decarboxylase and the bicarbonate
cxehange reaetion #

in‘order to Investigate the occurrence of a glycine cleavage
reaction in mitochondria, an assay mctho& Qas dcslénod and applied to
the mitochondrial fraction recovered by sucroﬁc dénsity‘qradienf
centrifugation. Sucrose (0.65 mM) was present..l all reactlon systems
as an osmotjcum because prellminary assays without sucrose yielded
very low glycine decatboxylase or exchange a;tivities.

The dlstrlbu;ion of a glycine-bicarbonate exchange reactlion
(Scheme 2, reaction 1, p. 11) between soluble and particulate fractions
Is shown in Table 13. The mitochondria'l fraction had approximately 47
times the specific activity of the anractionated homogenate. Part-
iculate enzyme activity was reiatively stable during 24 h of storage at
-10°C (Figure 5) but losses of activity were appreciable after longer
periods of storage. Table 14 illustrates the requirements foﬁ
bicarbonate, sulphydryl groups, pyrl@oxal phosphate and mitoéhondrial‘
protein for optimal exchange of bicarbonate with tﬂe carboxyl carbon
of glycine. Addition of H,PteGlu reduced the amount of !“C0, recovered
(Table 14) and disruption of mitochondrial integrity by various
solubilization treatments also reduced exchange éc;lvlty (Table 15).

The reaétion prbceeded under aerobic and anaerobic conditions
(Table 16) but enzyme activity in air and 0, was stightly higher than
found in N,. Under optimum assaylconditlons the rate of reaction was

QWInear for ‘at l;ast I h (Figure EA) and maximal exchange occurred at
pH 7.8 (Figure 68). The préductﬁon of '“C0; from the exchange

3
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TABLE 13. The diatribution of the [1-'"Clglyeine-bicarbonate exchange

recaction betweon soluble and particulate cell fractions

N

A3

. Enzyme
Total enzyme Specific activity recovery
(hmole 1“C02/ (nmote '*C0,/mg 2 of
. g fresh welght) protein) total
Crude homogenate ‘ 16.5 0.068 100
27,0004 particulate fraction 0. 82 0.727 5.0
Mitochondrial fraction 0.80 3.2 . 4.8
-
\

The compliete reaction mixture, total voluq¢ 2 mls, containlng:

1.3 ymole sucrose, 0.5 uCi [I—‘“C]glycine'(lo umoles), 60 umoles sodium
bicarbonate, 100 umoles Tris-HCI bu%fer (pH 7.8), 1.5 umole pyridoxal
phosphate, and 0 ymoles dithiothreitol, was incubated in air at 37°C

for 30 min with 5 mg protein of the fractions indicated.
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The effect of storage of the mitochondrial fraction on the
activity of the [1-'*Clglycine-bicarbonate exchange reaction.
Aliquots of the particulate fraction of the same protein
concentration were stored at -10°C and thawed for assay

when needed. The complete assay system was the same as that
described in Table 13. .

.



TABLE 14, Requirementa of the glycine-bicarbonate exchange reaction

Omission from the _
reaction system . 7mole of '*C0; recovered

None ' L 28.3

Mitochondrial fraction -

DIT , | 22.1
Pyridoxal phosphate ! ‘ 12.3
Bicarbonate r ‘ 5.6
None plus FAD {l pmole) 16.1

None plus HuPteGlu (0.2 pmole) 21.7

The complete reaction conditions are described in Table 13 with the
exception that the flgsks were flushed with N, before incGbation. The
data are e’bressed as nmole '*Cb, recovered per 10 mg protein- per

30 min.



TABLE 15. The effect of detergents and mechanical treatment of the
)

P

Treatment '

None

Triton X 100 (0.1%).

Digitonin (0.1%)

Deoxycholate (0.1%)

Sonication

The solubilization treatmants

mitochondrial fraction on the glycine-bicarbonate exchange

nmole of l"C02 recovered

+

32.0
10.2
1A

7.5

10.1

ere carried out for 2 min at 0°C using

the following solubilizer or desergent: Triton X 100 (0.1% v/v),

digitonin (0.1% w/v) or. deoxycholate (0.1% w/v). The effect of

Mmechanical disruption was examined by sonicating the isolated

mitochondria at full amplification for | min at 4°C with a Fisher

Ultrasonic Generator.

The complete reaction conditions are described

59
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in Table 13. The data are expressed as nmole '“C0; recovered per 10 mg

protein per 30 min.
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TABLE 16. Effects .of oxygen tension on the exchange reaction

catalyased by the tsolated mitochondria

Gas phase nmole of '“C0, recovered
N2 22,7
Alr 26.4
0, ' 26.2

After the cofactors, enzyme and [1-'*Clglycine were added to the
reaction flask as described in Table 13, the atmosphere of each flask
was quickly flushed as iIndicated. The data are expressed as nmole

'*C0, recovered per 10 mg protein per 30 min. .
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The reaction conditions are similar to those-described in Table 13 with the
following exceptions: the time of incubatlon at 37°C (Figure A}, the pH of
Tris HCY! buffer (Figure B8) or, the amount of mftochondrial protein added

(Figure C), was varied as illustrated.
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reactién was lineacly increased by varying the concentration of
mitochondrial protein in the reaction system (Figure 6C). Progduct
formation also increased linearly with bicarbonate concenfrations up to
18 mM and with glycine concentrations up to 1.1 mM. Lineweaver-Burk
(1934) plots for these substrates gave apparent K. values of 12.5 mM
and 1.8 mM respectively (Figures 7A and B). These values are similar in
magniggge to those reported by Sato et aql. (1969) ;or enzyme preparations
of rat liver.

}hé glycine cleavage or dgcarboxylase reaction, assayed in the
\ .,
absenée of bicarbonaté, could be stimulated by NADf. Product formation
increased linearly with NAD* concentrations up to 30 uM. A Lineweaver-
Burk (1934) plot for this substrate gave an_apparent Ky value of 47 uM
(Figure 7¢). The cleavage of glycine was supp;essed by reduced
pyridine nucleotides (Figure 8).

The effects of solubilization treatments on enzyme act?vity

.

together with the apparent aerobic stimulation and inhibition by

reduced pyridine nucleotides, implies that a suitable oxidation-
reduction balance, possibly mediated by the mitochondrial membranes,

is of importance in this reaction. In this regard, Bird et ql. (1972)

have reported that the conversion of two glycine molecules to serine

T

by crude preparations of tobacco leaf mitochondria, requires 02, is

inhibited by inhibitors of mitochondrial electron transport and is

stimulated by ADP. These authors have conc!luded that ATP was

‘ ‘ ‘ :
synthesized at the expense of free energy derived from the cleavage of

glxcine.' Attempts to show such an effect in pea mitochondria were not =

successful (Figure 9). It is passible that further control of this

v
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FIGURE 7. Double reciprocal plots of "Cé‘; produced uerau}centra‘on of

blcarbonate, glycine or NAD*.

. The complete reaction mixture [s described in Table 13 with the following exceptions:

. the concentration of blcarbonne (Figure A), the concentratlion of glycine (Figure 8)
or, the concentration of Nap* (Figure C), was varied as [llustrated. Furthermore,
when NAD* was added for assay of the Q'Yclne cleavage raactlon, blcarbonate was
omitted as described in the text,
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reaction may be affected by various intermediates and products of c-1

metabolism. In this reSpect methionine and 5-CH3-H,PteGlu were both

‘effectlve in reducing. the activity of glycine decarboxylase in vitro

whereas, S- adenosylmethlonnne was not (Figure 9).
In animal tissues glycine cleavage is a significant catabolic

process resultihg in complete 6xidatlon.of the moleéule to CO?.

Becausg such oxidation necessitates involvement of the pteroyl-
gluta;bte pool, an experfment was designed to determinelff the
mitochondria had ability to convert [Z—I“C]glycine to '“co,. Tab{e_l7 .
illustrates'that when [Z-l"C]glycine Qith a high specific activity was‘
incubated_yith the isolated mitochondria, label from the second caEbon
was‘incorpo;ated into CO,. TheSe results, coupled with the labelllng

of 10-HCO-H, PteGIu (Table 12) might imply the activity of 10-HCO-

H,PteGlu:NADP oxidoreductase in the {solated mi tochondria,

Homocysteine-dependent transmethylase activity

From the data presented (Tables 8 to 32), it follows that
/

mltochondrla«lsolated from germinating pea cotyledons possess ability
to- transmethylate homocysteane’ The occurrence of such. a mitochondrial
transmethylase together with: the mifochondrial system for generatﬁbn
of methyl grOUps ciearly polnts to a ‘compartmentation of methlonnne
blosynthesns rn pea cotyledons Previous studies from ;hls
laboratory (Dodd and Cossins, 1970) have examined homocysteine-
dependent transmethylase activities of pea cotyledon homogenates.‘

Consequently it was of lnterest to—examlne mntochondrla for these

4

enzymes in the present work.. . )

\



TABLE 17. The conversion of.[2-1"Clglycine to '*C0, by isolated

| pea mitochondria - AN\
i )
Reaction system ) nmole of 1*C0, '
. eg\
Complete R ‘ ‘ 0.016
Complete + NADP | | § 0.014
Complete + NADP + H,PteGlu < 0.01h4 7 |

Control B ‘ qfl

The mitochondrial fraction was t)cubated for 30 min at 37°C under

the conditions emplbyed‘iﬁbthe glycihe décarboxylase assay. The
complete reaction system in a total ‘volume of 2 mls,contained: h pcy
glycine (21.8 uCi/umoie), | mmdle sucrose, 1.5.umole pyridoxal phos-
‘5 ‘ ‘ /\/\_‘_
phate, 100 umoies Tris-HC1 buffer (pH 7.8), 1.25 umole NAD, 10 pmoles
DTT and mitochondrial fraction (10 & protgin). NADP. (6.2 umoles)
and H,PteGlu (1 umole) were added as éuﬁplements to the reaction

4
3. 4 4

"system. “Control reaction.systems did not contain the mitochondrial

-

fraction. =~ .
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Iwo distinct homocysteine-~dependent trgramethylases were present

"

in mitochondrial protein precipitating between 20 and 60 of

’

saturation with ammonium sulphate (Table 18) . Total activity of the
transmethylase utilizing 5-CHa-H,PteGlu as the methyl donor was

substantially qreater than the activity of the SAM transmethylase in

both the cotyledon homogenate and the particulate fractionse” Some
N\

hh 73 of the total activity of the former enzyme was present in the

ammonium sulphate fraction of the isolated mitochondrian(Table 18).
N

The 5-CH,-H,PteGlu enzyme was also purified approximately ten fold,

during its isolation. A substantially lower yleld and purification of
. - 0

the SAN\tranSWE(hy]aSP was ndted (Table 18).
- ' .
Product formation by both enzymes was linear for over 1 h Wigure
- 4
10A), consequently, a | h incubation period at 30°C was employed in

further experiments. The pH optima of 7 for both particulat‘en?.ymes
)

(Fiqure 10B) enabled simple comparisons between their apparent
catalytic properties, at pH 6.9, and those reported for the enzymes

isolated from cotyledon homogenates by Dodd and Cossins (1970) (Table
‘(

N ~

19) . ‘ : | -

\

_The 5-CH,-H PteGlu transmethylase prepared from the isolated

mitochondria was saturated with homocysteine at a concentration of

*
-

approximately 1.0 mM (Figure 10C). The corresponding transmethylase

from cotyledon homogenates was saturated with homocyteine at a
.concentration of 2 mM. The apparent Ky value (25 uM) for the methyl
donor, determined from a Lineweavar-Burk plot (Figdre 10D),- revealed

that the 5-CH,-H PteGlu transmethylases from both cell fractions

'+ +had similar affinities for the methyl donor (Table 19). The .

apparent Michaells constaat for the mitochondrial SAM transmethylase

j o ¢
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was 50 uM (Figure 10E).

\\ Product inhibition of homocysteine-dependent transmethylases by
L—methfonine is now well known (Dodd and Cossins, 1970; Abramson and
Shapiro, 1'965; Cossins et al., 1972) an?was displayed by the 5-CH;-
H“Pteélu transmethylase of pea mitochondria (Figure ll): Relatively
low concentrations of L-methionine inhibifed 5-CH3-H,PteGlu transmethyl-
ase activity, the concentrétions of this amino acid giving 50%
inhibition of the enzymes from both cell fractions being similar
(Table 19). Due to this effect of methionine it Is possible that

estimates of total 5-CH;-H,PteGlu transmethylase activity in the

initial unfractionated cotyledon homogenates are low.

Biosynthesis of S-adenosylmethionine by pea mitochondria

The principal mechanisms for biosynthesis of SAM involve the
thethylatioﬁ'of S-adenosylhomocy§t€ine and the activation of .methionine
by ATP. Qodd and Cossins (1969) have concluded that SAM is formed
in pea cotyledons by a methionine activatingienZyme utilizing ATP.
A similar synthesis of SAM by preparations_éf Isolated pea mi tochondria
was observed in the present work (Table 20). ﬁ;gimal synthesis of SAM
by these preparations was depegdent on ATP and‘Mg*+, as well as the
presence of a thiol group (Table 20)Y In contrast, the pos;ible
synthesis of S-methylmethionine by the mi tochondrial pfeparatlons
treaction system descriSed on page 34) could not be shown, implying
that SMM may not be genefated In péa mltochondria. |

A comparison of the levels of SAM previéusly reported for thts
tissue (0.04 umoles per g;am fresh weight; Dddd and Cossins, 1968) w1th

the quantities synthesized in the present stqdy (approximately 0.2hb

. "§~ < i V -
¢
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TABLE 20. Synthesis of SAM by taolated mitochondria

o
Omission from reaction system SAM formed (umole)
None 1.920
ATP _ 0.432
+
Mg T 0.425
2-Mercaptoethanol 0.760
Mitochondrial fraction A ] 0.01t

'
The complete assay system contained in a total volume of 2 mls: 8 umolés
[methyl-d“C]—L~methionine‘(0.125 pCi/umole), 10 umoles ATP, 5 umoles
2-mercaptoethanol, 100 umoles potassium phosphate buffer (pH 6.9\,
50 umoles MgCl, and 2 mg mitochondrial protein (20-60% (NH,),S0,
fraction). Thg reaction mixtures were Incubated for 60 min at 30°C.
. ~ % ‘ :

4
,
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ymoles per gram fresh weight) indicates that the mi tochondria may be
capable of synthesizing a large part of/the SAM required in the

-

metabolic activitlies cf this tissue,

Homooystéine biosynthesis by isolated pea mitochondria

The observation that pea mitochondria have ability to metabolize
and syﬁthesize several amino acids indicates that this organelle has"
aAsignificant role in the biogenesis of methyl gréups for the de novo
synthesi; of'methionlqg and SAM during germinatfon. REgulation of ’
mitochondrial synthesis of methionine and SAM in this compartmented
system could conceivably ‘be-achieved at the sites of transmethylation
and generation of methyl groups. As the transmethylation reaction ]
represents a convergence in two synthetic pathways consideration of a
third _facto.r,iname‘ the biosynthesis of homocysteine and hence
tranésulphuration must also be accounted for. 4g°dd ?nd Cossin§ (1969) -
have presented a scheme of reactions to account for the poss}ble
recycling of sulphur in this tissue during germination. To the
author's knowledge, no studies fo'date have examined the possibility
.of a compartmented éystem for homocysteine biés?nthesis in plants.
‘ Assays of B-éystathionase (Scheme 4, reaction 12, p.80), cysta-

thioninery:syﬁthase (Scheme 4, reaction 13) and L-homoser i ne trans-

acetylase (transsuccinylase) (Scheme 4, reaction 14) were performed on

protein fractions of disolated mitoehondria as shown ¥t
"‘7 '

' e, . . .
cellular distribution of thése enzymes in the mitochondria of 1.34%, -

I.ESZK 2.7% and I,l% of total activlty requc#lvely. implies that the v
mi tochondr!a may not be the only site for these reactions. However,

‘indicates an

yresenc_e of these enzymes in isolated ‘mitochondtig
' ) . ) . - > LK =

5.
* ] R . ) . °
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77
ablility to generate nahomolar Quantities’ of homocysteine from
homoserine. It is of interest to note that S-acetyl CoA was utillzed
more readily in the acylation of - homoserine than was S-succinyl CoA
(Table 22),‘5uggeSt|ng that O-acetyl-L-homoserine may be the substrate
for the cystathionine-Y-synthase reactjon of mitochondria. End product

inhibition of L-hompgerine transacetylase, Cystathionine-y~ synthase

lland B-cystathionase by L-methionjpe up to concentratlpns of 1 mM could

not be demonstrated for the enzyme preéparations, studled (Table 23) .
The apparent«lack of prodUCt irhibition by L-methionine does not rule
out other regulatory mechanijsms or.perhaps feed-back inhibition e

Y
medidted by other ¢dmpounds such a5 SAM zs observed for Neurospora

(Kerr and Flavan, 1969; Shelhub et qi., 1971) . 1f extensnve recycling

of sulphur occurs within the mitochondrion It is clear. that the

possible role of s- adenosylhomocystelne as a feedeack |nh7b|tor
¢ 7

would be worthy of Investlgatlon o ’ﬁ

-

The presence of these enzymes also |mp]le§q%%at the’ tﬁans-“vb“x N
s 3 R

SQ'Phurat'On pathway (SCheme b, Feactions 112, 13 and 14) rather than o

the direct Sulphydrat|on of, L- homoserune or its derlvatlve, is the -!

more llkely pathway ?f h?mqéysté?qp/b|05ynthesns in pea m1tochondrla

The levels of L- héﬁgg rine {?ansacétylase, cystathsonnne-Y-Syn se

i
and B cystathaonasé also arQUe fon a SUfF|ClCNt endogenous sy thesns

of homocystenne to acComOdate ;hé mltochOndrial homocystelne- ependéﬁt

e
-

¢
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) . N
TABLE 22. Synthesis of O-acdtyl-L-homoserine and 0-succinyl-b-

homoserine by isolated mitochondria

0-acety lhomoserine '

Omission from reaction system produced (nmole)
Complete . 0.55
Mitochondrial .fraction 7 nil
S-acetyl-CoA 0.001
S-acetyl CoA wjth S—succinYI CoA added SN . 0.19

FThe complete assay system (total Vplqme 0.5 ml) conpainqu 50 umoles
pétassium phpsphate buffer (pH 7.4), 0.5 umole S-acetyl-CoA, 50 nmoles'
, N .
[U-1%C]-L-homoserine (1 uCi/umole) and 7\59 mi tochondrial protein.
. Y,

" - .
Reaction mixtures were, incubated at 37°C fof 0.5 h. -
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1.0

1.0.081

- 0.579

TABLE 23. Lack of 1nhtb1t10n of L- homosertne transacetylase
cystathionine-Y- -synthase and B- cystathmonase by
L-methionine
' . | Enzyme activity
‘nmole of product/mg protein

Coneentration of'L-mEthiohjne (mM) 0 O;Oi O;j
L-homoserine transacetylase 0.079  0.080 0.079
Cystathionihe—y-§yntha5e " 0.580 0.581 0.58A
B-cystathionase: 3.37 3.38 3.36

‘

N

ey

3.3h

. . .
Enzyme activities are expressed as the amount of pyruvate formed- by

.

|

B- CYStathlonase and the amount of a-ketobutyrate formed by cystathlonlne- \

Y-synthase, per 10 min at 37°C under the react|on conditions de§cr|bed

in the Materials and Methods.

Activities of homoserine gransacgtylase

are given‘gsntbewrmount of N-acetylhomoserine recovered after.O.S h

incubation at 37°C.

1

[N

.

|



SCHEME 4

»

Major C-1 transfer reactions leading to serine and methionine

’

biosynthesis in plant mitochondria

Systematic enzyme name Trivial name EC number Reaction
L-serine:H,PteGlu-5,10- Serine hydroxy- 2.1.2.1 A

hydroxymethyl trans ferase methyltransferase -
Glycine:carboxylase AGlycineﬂ ‘ 41,99

. decarboxylase <.

Formate:H,PteGlu ligase IO-Formyftetra- 6.3.4.3

(ADP) o ~ hydrofolate

g ' ' " synthetase

5,10-CH=H,PteGlu-5-hydro-  Cyclohydrolase 4 3.5.4.9 Y

lase (decyclizing) -
10-HCO-H,PteGlu:NADP 10-Formyltetrahydro-  1.5.1.99 5

oxidoreductase ' folate oxidoreductase :
5,10-CHz-H,PteGlu:NADP ' 5,10-Methylenetetra- 1.5.1.5 6

oxiYoreductase ‘ hydrofolate ' . :

- dehydrogenase
\‘ | . ' - .

S-CHggguPteGlu:NADP (FAD) -5,10-Methylenetetra- }.1.1.68 . ¢ .

oxidoreductase hydrofolaté q?du;tase S
S-CH3—HuPteGlu:homocysfeine 5-methyltetrahydro- 2.1.99 8 .

,methyltransferase - folate:homocysteine °*

‘ ' transmethylase .
ATPﬁmethionine‘S—adenosylé ;é-adenosyl-methloninel 2.5.1.6 9 b
', transferase synthetase . E '
5-adeénosyl-L-methionine: adenosyl-methionine 2.1.1.99 10’

. methyltransferase ' transmethylase ‘ L -
' .Cystathibnihe h?drola%e _ B-cystathEOnase‘ - 3.1.2.99 12
‘ O-écétyl-L-homose(jne o L-cystathionine-y- b.2.1.13 .13 .
hydralyase = \\; .synthase . : o B
. . ", ] ' N\ Wi 7 . Lot B
Acetyl-CoA:L-homoserine L-homoserine . .  2.3.1.99 14
S-acetyl transferase\ - transacetylasg N, ;

. T
. N ) o )
b ! Vi a’ .
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‘ < DISCUSSION -

A

fvidence for metabolic compartments which are related to the turn-
. ) >

over ot pools ot many metabolites in the cell is now available for

Anum(\.rnu\ plant species (vee reviews by Steward and Ridwell, 1962 ; Laties,
1969; B¢ ill;‘n and McClure, 1962; Beevers r'f)z/. , 1966, Mandclstom, 1960;
Oaks and Bidwell, 1\970). Oaks and Bidwell (l*)]ﬁ) contend that such
compartments isolate metabolites participating in competing mot:ﬂmlié

/
sequences and requlate their critical levels thus permittinag

selective transfer of these metabolites for the ordered progress of «cell

’

A
metabolism.  Such a compartmepted system for the metabolism of pteroyl-

~

glutamate derivatives and some associatedy reactions is indicated by the

»

present stAudy.

. .
. ,(‘ﬂ Dartmental I.Hn it "l'(‘T‘\""(/'(H’ ntarnitc Lit'f'? 0t .’.l’(‘.‘s'
. t ot [

On the basis of widely accepted criteria, it is reasonable to .

conclude that fraction 5 is essentially mitochondrial (Table 3). The

4

presence of enzymes such as serine hydroxymethyltransferase (Scheme k4,
reaction ) and lb—HCO-HBPleGIu synthetase (Scheme 4, reaction 3) in
the isolated mitochondria, suggests that at leadt part of the one- -
cdrbon metabolism of this tissue is compartmented. This possibility is,
substan;iated by the presence, in this fraction, of pteroylglutamate ‘
derivatives, known to be metabolically important in other tissues

{Tables 4 and 5).. This contention iskalso supported by the solubiliz-
ation studies {Table 6) which indicated that the derivatives associated

with the mitochondria may be differentially bound. Conceivably this

81
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binding may result in a spatial organiization of the mitochondrial

Al

. AY
pteroylglutamate pool, which could have considornP&o physiological

‘ a

significance. In this connection, it is of interest to note that
mitochondria. from other specles contain a number o{‘mclaholically '
important pteroylqlutamites and in aémo cases abilitx to interconvert
these has been clearly demonstrated (Noronha and Sreenivasan, 1960;
Wang «t al., 1967; Sankar ct al., 1969). it is, thcrefore! logical to
conclude that the association and possibly metabolism of certain

pteroylglutamates in mitochondria ig ubiq\4tous to higher organisms.
A

Examination ot the degree of conjugafion of the pteroylglutamate

derivatives present in the isolated mitochondria was éh@plicated by
-~ .

mitochondrial hydrolaso’éctivity. Incubation of yeast extract with -

.

isolated mitochondria resulted in a ten-fold increase in the growth
responae of I'. cereviatac implying that &Htochondria were active in

hydrolyzing the highly conjugated pteroylglutamate derivatives present.
It is, therefore, apparent that the degree of conjugation of the

pteroylglutamate derivatives présent-in isolated mitocd%ndria (Table 4
and Figuré 3) may not be completely representative of the polyglutamyl

forms that %ay'be present in this organelle in vivo or before isolation.

In this respect it was apparent from coTumn -chromatography of the

’ - — - \
mi tochondrial fraction (Figure 3) that polyglutamy | derivatives greater

than the&di- or triglutamyl level of conjugation were a minor component

of the mitochondrial pteroylglutamate pool after isolation of this

/ ’
organelle.

When expressed on a fresh weighg basis the levels of mitochondrial
formyl derivatives were found to be approximately 18.0 ng/g fresh weight

compared with the levels of 105 ng/g fresh weight for the whole tissue
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AR
" extracts. Clearly approximately 17% of the formyl pool was associated d
. [
“with the isolated mitochondria. This value Is, howevcr,‘a minimal one
as formyl‘derivatkves would undoubtedly be lost to the supernatant
during isolation of the organelle (Tables 4 and 6). Similar calculagions
of the distribution of methyl derivatives revealed that they may, be
larbely associated with the soluble components of the cell or ver;
rapidly utilized in the EEtochond{ia.

Recent studies by Roos and Cossins (1971)‘have demonstrated the
labelling of‘ﬁ-chq—HhPteGlu froa [2-'"C]PteGlu in the cotyledon of
germinating pea seeds, though no '*C could be detected in the -
substantial pools of IO-HCO—H“PteGIQ isolated. These and the

o observations previously discussed are quite consistent with, and even

clarified by, the apparent coﬁpartmenta{ion of formyl derivatives

~

demonstrated for cotyledon mitochondria (Clandinin and Cossins, 1972).

»
.

4

»
il

Assocthited reactions of (-1 metabolism in isolated mitochondria

Upon consideration of the numerous reactions in which pieroyl—
\ .
glutamate derivatives participate, it is apparent that information
regarding the intracellular localization, rates of turnover and -
netaboli§m of these_derivativeg yill have considerable impact upon»the

understanding of the catabolic and biosynthetic processes that” are

known to occur in the germinating seed and in particular, fWF

\
~

mltoch&ndria. R
It is glsar from Tables 8 aﬁd 9 that i@ola;éd pea mitochondrié are
capable of synthesizing formyl and methyl pteroylglutamates from 5,10~
CH,-H,PteGlu (Scheme 4, reactions 6 and 7, sespectively). Such .
<synthesés would involve oxidatjon and reduction of one-carbon uni;s.
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In additiaﬁ, synthesis of associated amino acids, as summarized in

! ' .

&cheme L was observed (Tabies 8, 9 and 10). When one-carbon units were
supplied at the hydroxymethyl level of Ox}datidn-it w;s apparent that
subsequent oxidation of the. C~1 uniq was favoted when NAD or NADP was
present (Tables 8 and 9): Substitution of"NADH.or NADPH for NADP
resulted in increased utilization of the substrate suppl&ed and ]
favored ‘rédUCtion of ghe one-carbon unit to the methylrlevel of
oxidatiﬁn. The ;uesence of reduced FAD in these reaction systems
increaséd th; incorporation of.label into amino acids, particjaarly
methionine and an unidentified compound when homocysteine was also

2

supplied (Tables 8 and 9). ’
The homocysteine-dependent sfnthesis of methionine and. productipn of

serine and histidine (Tables 8 to 12) further implicate the mitochondria

in the Siosynthesis of amino acids related to pteroylglutamate .

metabolism. Furthermore, the substantial incorporation of l"C‘into a

- number of unidentified compounds, particularly under conditions whiéh-

favor methi;nine synthesis-(TabIe 8), suggests the Operétion of other

pathways related to mitochondrial pteroylglutamate metabollsm These

other products were .not formed in reaction systems containing boiled

’
[

mitochondrial Phactlon. However, considering the very blgh levels of
e |ncorporated in some cases (Table 8), the possibility of non-

enzymic reactions cannot be entirely ruled out,

Isolated pif mi tochondria also synthesized S-CHs-HuPteGlu from
1.0-HCO- HuPteGlu (Table 10), an abullty apparently lacking in rat ||ver
mitochondria (Wang et al., 1967). In the presence of NADP, when the

reaction condiéionsffévored oxidation, no synthesis of S-CHa-HqueGlu
occurred”indicating that S,IOigﬂz;ﬂtheGlu dehydrogenase and redq&tasé

*
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were both instrumental in catalyzing this coaAversion.

The apparent absence of 5,10-CH,-H PteGlu dehydrogenase and 5,10~ , A

o’

) C A
CH,AH,PteGlu reductase in rat liver mitochondria lg@ Wang et al. (1967) .
to fonclude that the major role of mitochondrial serine hydroxymethyl- -

.transferase was related to the reversible interconversion of glycine
) ‘ {

and serine. However, it seems likely in pea mitochondria that serine

- ’ L Z:h—‘
hydroxymethyltransferase, besides functloning in the interconversion of

et

~

serinerand glycine, may act as a source of C-1 uni!S' fgrfi\utilization "b’y- "__
. ‘o,

“the mitochondrial pteroylglutamate pool. Clearly the’extensive .

- i .
= t

metabolism of the one-carbon unit generated from‘serL?é substanp{iﬁﬁa C R

=
3

/ ¢ 3 )
this view (Tablg 9). Qlycine glso acted as % source of Cllﬁqﬂfg ‘,

At : . ‘ i ) " . I
(Table 12) presumably by a_complex reaction involving decarboxylation - TN

(Scheme 2; Scheme 4, reaction 2). The C-1 units generated in this
reaction wére oxidized or reduced to the formyl or methyl levels of

oxidation respectively. When reduced FAD-was supplied in . the presence

’ ‘ . \ .
of homocysteine the synthssis of methionine was also observed. °
4 ' ¢ R
Reactions involvigg‘gfycine cleavage . )
The close relationshie between CO,, NH, Iibq}ation and \erine ’ff

synthesis from glycine by 1 f{mitocbéndri% (Kisaki et al., 5?7]), and

‘ 4 * e ) v . "
the labelling of glycine m L-13-1"%C serine by cotyledon migochondri
i N : * N .

. ) . e . YR ,
(Table 9), both indicate that a di’éct cfeavagE/éf glycine is. ’ "
catalyzed by planv~mitochondr}a. Combiqﬁﬁ with the more depritivif '
R . Fa ) 4 ‘
enzyme stupaed (Tables 13 to 16 and Figurés 5 t?/ these lings of ,‘ -

evidence are consig{ent with the scheme of glycing catabolism wﬁi}h~has_
’ -

“been propesed by other workers f@r rat liver (Yoshida and Kikuc
B 1 -

»

*‘ c® 6?’; N ““’f?7,/ " e

‘ , ¢ .
and Peptococecus. glyoinophilus (Klein and Sage:s*\;9293 )9565,b
\ - , .
v -
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The stimulation of the bicarbonate exchange,réacfion by pyridoxal-
5'-phosphate and dithiolthreitol (Table.l4) and the  saturating substrate

concentrations for glycine and bicarbonate, apparent Ky values of 1.8 mM

'

and 12.5 mM respectively, Fidure 7), suggest strong similarities to:
P y :

I}

the reaction mechanisms proposed for other tissues (Scheme 2). The

R O
effects of NAD concentrations on the cleavdge reaction (Figure 7)

further implies some common reaction mechanisms.

.The first reaction of glycine cleavage (Scheme 2, reaction 1) which

is characterized by the exchange of the carboxyl group of glycine with
bicarbonate was found to require pyridoxal-5'-phosphate and mitochondrial

protein in the presence of isotonic sucrose for optimum{%cgivity (Table
N .~

Ih).' The involvement of more than one protein in this exchange reaction
in higher plants still remains 6bscure but as disruption of mitoché)ﬁrial
iptegrity reduced enzyme actiyity (Table 15) it may be concluded that
more than one protein was involved in this reaction,

The second reaction (Scheme 2, reaction 2) .requifes NAD+, HyPteGlu,
. o

pryfdoxal—S'-phOSphate and mitochondrial fraction for maximal activity
in the absence of bicarbonate (Eigure'7C). *These quuireménts imply
that additional protein units are utilized in a more compkg} reaction
resultfng in the cémplete cleavage of glycine. Ih; synthesis of

“glycine from [3-!“Clserine (Table 9) further indicates that this .

-

latter reaction may be reversible in pea mitochondria. However, an

).
alternate explanation for the latter observation might-involve the

\ decarboxylation of serine and subsequent’ conversion of ethanolamine to
. ; ‘

fuycine.; If glycine cleavage is freely reversible as observed for rat

f \\liver m{tochondfla (Sato et al., 1969) then it is unlikely that the

» - . . .
¢ . free.epergy of the reaction would be directly utilized in ATP »
. . ‘N < N~

A

| o

‘\5
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gynthesis and stimulated by‘ADP in pea mitochondria as suggested by’
B??d'et al. (1972) for leaf tissue. Such carboxylation reactions have
not been found to require ATP for maximal synthe®ic Activity In
m&mmélian systems (Sato et al., 1969).

Theiphysiological §ignificance of glyciné cleavage in pea
cotyledon mitochondria may be different from other tissues examined.
During seed germination considerable proteolysis and ultrastructural
degrpdatioﬁ occurs in the cotyledon (Bain and-Mercer, 1966). Hydrolysis

. . ..
of the storage protein releases substantidl amoants of serine and

glycine ﬁLawrence and Grant, 1963).. Serine and congequently glycine
@" also be formed by the conversion of glycollate jnto these amino
acids (Cossins aﬁd Sinha, 1967; Tanner and Beevers, 1965). The
subsequent cat%bolism'of:?lycine and seriné by glycine decarboxylase .
may yield other'proaqcts necessary for seed germination.
The affinigy of this enzyme for glycine, apparent Km value of
1.8 mM (Figure 7), would be preréﬁuisite for the decarboxylation of
. glycine produced in tge cotyledon by protein hydfolysis or othe} .
méchani;ms. Decarboxylation could yield one €02, anléctive C-1 unit
and one reduced pyridine n;gleotide (Tables 12, 14 and Figure 7).
‘After the initial reaction, the C-1 unit produced could be reduced or
oxidized (Table 12) for utilization in the mi tochondrial pteroy]-

glutamate pool. Several alternate pathways for t?: utilization of this

¢l unit exist in the mi tochondria. First, 5,10-CH,-H,PteGlu produced
) 1

Ll

upon dgcarboxylation may be oxidized to the formyl level of -oxidatio

_ yielding another reduced pyridine nucleotide.(Tables 8 and 12).

4

. ‘ C .
Utilization of 10-HCO-H,PteGlu for formylation reactions sgzh as the
N : ) o L4 ’
¥ synthesis of formyl methionine may occurp The;gynthesis of the latter

. .
L.
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compound mast be integral to the development upon germination of the

T a

. - - .
pre-extsting respiratory capacities in this tissue (Solomos et al.,.
. " n °

1972). A second altérnate pathway might.involve complete oxidation

of IO-HCO—H“PteCTu to CO, (Scheme &, reaction 8) (Table 17). This
. ' . e "
- reaction could yield more energy in the form of anothef¢ reduced /
’ . ‘ o
pyridine nucleotide (Kutzbach and Stokstad, .1968).

"The metabolic fate of the C-1 unit from serine and glycine entering.
o - - . K
the imi tochondrial, pteroylglutamate pool .at the hydroxymethyl level of

oxidation is likely determined by the physiological demands upon and

-

within the nvtdchondria unless regulation occurs upon entry to the

» n
-

pteroylglutamate pool. In this‘regard the inhibition of‘glycine
. y//;ec?rboxylase by L-methionine may be signif}cant. When methionine *
, s . { .

‘concentrations in the mitochondria increase direct inhibition 6f the

dé novo generation of methyl groups may occur (Fibures 9 and 11).

Ll
’

Serine hydroxymethyltransferase, though generally assumed in
plants and lower organisms to be a primary source of C-1.units, has not
been clearly shown to be regulated by S-Cﬁa-H“PteGlu or methionine and

its metabolites. The nature of the structural or compartmental

limitations on this enzyme in higher plants may however préclude such

types of regulation.
Methionine biosynthesis . .
The pfesent study has implicated the mitochondria in the .
biosynthesis of various amino, acids related to one-carbon metabolism,
such as the de novo synthesis of methignine. The data presented”

(Tables 18 and 19) illustrate that the 5-CH3-H,PteGlu homocysteine-

dependent methyltransferase present in pea coty\edons‘m&x‘bé largely
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compartmented within the mitochondria. Several properties of this

" enzyme were found to be similar to the enzyme paJQially purified
‘ &
¢«

dfrectly from cotyleddn hombgenates.

'The synthesig.of L-méiﬁionlne bf a mitochondrial méthyltransferase
ut}%izing S-CH3—H“P£eGIu3 as Fhe methyl aona:.has been observed for rat
liver (Wang et al., 1967) thoughn.the p}esencg ofhsjaQQAOSyln;thioqine:
L-homocys teine S-methyltransfefase could not be detected. "In contrast,
fhe latter enzyme was detécfed in the ammonium sulphate fraction of
iSolatéd mi tochondria utilized in the present study (Tables 18 and 19)
thus, indicating some role fofvthlswenZyme in mitochondrial one-
carbon metébolism. . L

The preSenée of substantial levels of S-CH3—H“PteGiu trans-
methylase in mitochondria (Tasle 18), and its high affinity for’the

. Co

methyl donor~ (apparent Kp for SjCHg-H“PtgG1u‘of 25 uM), implieg
tpat a very rapid turnover of methyl groups occurs within
this organellet Furthermore, the presence in the mitochondria of
several enzymes knd@n to be inyolved in the biosynthesis of homo-
cysteine (Tables 21 and 22) and the apparent binding of methylated
derivatives of H,PteGlu to the mitochondria (Table 6) further supports
this content}on. |

‘ Product jnhibition by L-methionine of the 5-CHz-H,PteGlu
transfethylase (Figure 11) as well.as éther mitochondrial reactions
invdived In.the generation of C-1 units through the pteroylglutamate
poof'would no doubt result in strict régulation of the de novo
production of meﬁhlonine during the germiqétion of .this seed, especially;>

as this process may be augmented somewhat by the exteNsive hydrolysis

of reserve protein during germination (Lawrence et al.,}1959).
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« The ability‘of isolated pea mitochondria to activate methionine
in the synthesis of SAM (Table 20) is consistent wiphfthe observation
by Davies (1966) .that L-methionfne inhibits mitochondrial respirétion by
“combining with ATP to form SAM. SAM produced in the mitochondria may'.
..then be utivliz.ed in other methylation reactions, perhaps also similgrly
compartmented, .

In the latter regard, it is known that the restriction and
modification of DNA (recently reviewed.by Meselson et al., 1972) is
highly specific, utilizing a specific methylase for the methylation of
differé;; bases . as Qéll as utilizing SAM as the methyl dénof. The
degree or actiVity of these specific transmethylation reactions inlthe
development of the mitochondrial electron transport chain (S&iomos 1

et al., 1972) could be facilitated by a mitochondrial synthesis of

SAM (Table 20).

Concluding remarks
In conclusion, it has been shown that thé'mitochondrie of this
tissue possess enzymes necessary for extensive C-1 metabolism. tn,
this respect, tﬁgse Organelles &my be quite autonomous, Furthermore,
the intracellular loc;lization of pterqylgfutamafe derivatives imp#iCates»

the mitochondria in physiological roles integral to the metabolism of

%

‘the cell as a whole, It is not clear however whether these derivatives,
synthesized within the mitochondria, are also utilized by the rest of

the cell, It is possible that sufficient mitochondriél enzyhiciéapafity

+
: ~

can be detected to provéde the amounts of pteroylglutamate derivativés,
- methionine and SAM,\reqdired to support syntheses.of DNA, RNA and
protein within the mitochondrion, These activities afe in fact

-prerequisites for the developmeht of mitochondria in higher arganisms,
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The nature of the processes whnch control production and utilization of

!
andlvrdual pceroylglutamates w»thtn the Aitochondrton are still

) unknoJC‘f:d warrant further detalled Study,

o

largely -
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